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Tea antioxidants have drawn increased attention in recent years because of their potential 
health benefits. Today’s consumers are demanding foods which display two main 
characteristics: the first is the traditional nutritional aspect of the food; the second is that 
additional health benefits are expected from its regular ingestion. Also, snacks are 
gaining in terms of demand and popularity due to longer working hours, busier schedules, 
single parenthood and single person households. Biscuit being one of the most popular 
snacks, it is worthwhile to evaluate the functional food potential of biscuits with green tea 
antioxidants. This study aims at studying the roles of green tea catechins during the 
biscuit making process and their effects on biscuit quality and on fat oxidation. 
 
The stability of tea catechins during the biscuit making process is very important to this 
study. Biscuit is a complex matrix, containing multiple components. Moreover, the 
inherent dynamic nature of the baking process adds to the complexity of the system. 
Hence the ability to predict the stability of tea catechins in such a complex matrix is a 
challenge, and has been addressed in this study. The relative stability of catechins in the 
biscuit system can be sequenced as (-)-catechin gallate (CG) > (-)-gallocatechin gallate 
(GCG) > (-)-epicatechin gallate (ECG) > (-)-epigallocatechin gallate (EGCG). Retention 
rates were improved by reducing the pH of the dough. Tea catechins undergo complex 
reactions such as oxidation, polymerization and epimerization during thermal processing. 
Mathematical models developed for the stability of tea catechins accounted for 
simultaneous epimerizations and degradations of tea catechins, and also took into 
x 
 
consideration the dynamic nature of the temperature and moisture profiles during the 
baking process. 
 
Green tea extract (GTE) was able to significantly reduce the peroxide value and totox 
value as compared to the control biscuits.  However, it was not as effective in inhibiting 
the formation of secondary oxidation products. The accelerated shelf life study revealed 
that lipid oxidation in biscuits followed a first order reaction. The addition of 0.2%, 0.4% 
and 0.6% GTE was able to increase the shelf life of biscuits by approximately 7, 12 and 
20 times respectively, with respect to the control biscuits. 
 
While studying the effect of GTE on biscuit quality it was observed that both 
instrumental analysis and sensory evaluation data showed a significant change in biscuit 
quality with the addition of GTE. Cohesiveness and stickiness of the dough decreased 
with increasing GTE concentration. Hardness, stickiness and density of the biscuits 
increased, while its fracturability and thickness decreased with increasing GTE 
concentration. A newly proposed instrumental method to measure biscuit stickiness 
showed that the stickiness increased with GTE addition. Good correlations were achieved 
between the instrumental analysis data and the sensory evaluation results by the trained 
panellists. It was observed that the panellists could not differentiate the attributes of 
hardness and fracturability from one another. Further evaluation revealed that the two 
attributes were inherently related and should not be considered individually when 
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The word biscuit derives from panis biscotis which is latin for twice cooked bread and 
refers to bread rusks that were made for mariners from as long ago as the middle ages. 
The dough pieces were baked and then dried out in another, cooler, oven. They were 
unattractive being made from more or less flour and water. 
 
What are biscuits now? They can be staple foods, snacks, luxury gifts, dietary 
products, infant foods, dog and cat foods, and with additions of chocolate and cream, 
etc., they borderline with confectionery. They are all made with flour (usually wheat 
flour) and all have low moisture content (around 4%) and thereby long shelf life if 
protected from moisture and oxygen in the atmosphere. They are original 
‘convenience’ manufactured food. Biscuits are a very significant part of the food 
industry in most countries of the world. Their success can be attributed to at least four 
key factors (Manley, 2000): 
1. their relatively long shelf life 
2. their great convenience as food products 
3. the human liking and weakness for sugar and chocolate 





The principal ingredients used in the manufacture of biscuits are wheat flour, fat and 
sugar. Water is also required at the dough mixing stage but should more properly be 
regarded as a processing aid rather than an ingredient since the added water, together 
with that present in the flour (about 14% by weight on sample) and other ingredients 
such as sugar syrups, is largely removed during the baking process. Nevertheless, 
water plays an important role in the making of biscuits (Wade, 1988).  
 
1.1.2 Role of Antioxidants in Biscuits 
Biscuits are considered to be snacks and are consumed widely in many countries. 
Snacks are gaining in terms of demand and popularity due to longer working hours, 
busier schedules, single parenthood and single person households (Mellentin, 2007). 
Due to the content of sugar and fats, biscuits are consumed to satisfy hedonic and 
energy requirements, rather than as a source of nutrition (Conforti & Lupano, 2004; 
Brown, Langley, & Braxton, 1998). This implies that the flavour and texture of the 
biscuit is of utmost importance in determining its popularity and sales, as consumers 
are unwilling to sacrifice good taste for health benefits. 
 
Ten Trends in Food, Nutrition and Health over the past few years have reported an 
increasing awareness of consumers in the healthfulness of what they eat, thus demand 
has increased for healthy snacks (Mellentin, 2007). This has an impact on the new 
product development of snacks as manufacturers aim to produce snacks with 
functional ingredients and health benefits while not compromising on taste. 
 
One of the many functions of antioxidants is to retard the onset and progression of 




of fats, and to extend the shelf life of biscuit products. The commonly used 
antioxidants in biscuit manufacturing were BHA (butylated hydroxyanisole), BHT 
(butylated hydroxytoluene), propyl gallate and TBHQ (tertiary butylhydroquinone). 
The use of these synthetic antioxidants, however, has begun to be restricted because 
of their toxicity. The keeping quality of baked foods such as crackers, cookies and 
biscuits is of great economic importance since these products are widely used and are 
often stored for extended periods before consumption (Manley, 2000). 
 
1.1.3 Tea as a Beverage and its Potential Uses 
Tea beverages are now the second most popular drinks and only next to water in 
terms of worldwide consumption. They are recognized as the best natural drinks (Dew 
et al., 2005). Scientific studies on the chemical components and functionalities of tea 
are relatively recent (Hara, 2001). Through these studies, tea has been linked with 
health benefits including protection of oxidative DNA damage, lowering the 
atherosclerotic index and improving blood flow, liver function and oral health 
(Balentine et al., 1997; Dufresne & Farnworth, 2001; McKay & Blumberg, 2002). 
Meanwhile, tea antioxidants may improve food product quality without damaging the 
organoleptic property or nutritional function of the food. Nowadays, the utilization of 
tea has been extended not only to pharmaceutical products but also to toiletry, 
cosmetic and food products (Yamamoto et al., 1997; Wang et al., 2000a).  
 
Commercial tea leave products can be classified into three major types: green tea, 
black tea and oolong tea. Green tea is non-fermented processed tea, in which 
polyphenols in fresh tea leaves are less oxidized. Black tea and oolong tea are 




partially fermented or so called semi-fermented. Worldwide, about 80% of consumers 
prefer black tea, while green tea is preferred in China, Japan, Southeast Asian 
countries and Middle East countries (Chen, 2002). 
 
Besides tea beverages, the use of green tea or green tea extracts in foods such as 
cereal products, dairy products, confectioneries gives a healthier appeal to the 
consumer; therefore, the marketing potential for these foods can be improved by the 
presence of green tea antioxidants. Indeed, there are a number of such products in the 
market. A good example might be mooncake, a traditional cake eaten during the 
Chinese Middle Autumn Festival, into which the incorporation of green tea extract 
both increased the shelf life and improved the flavour.  
 
As of now, tea or tea products have been added in various food products such as 
cereal, moon cake, bread, instant noodles, confectionery, ice cream and so on. 
However, utilization of tea or tea products in biscuits is very limited, and no scientific 
information is available on the function of tea related to biscuit quality.  
 
1.1.4 Stability of Tea Catechins during the Biscuit Making Process 
The stability of tea catechins during the biscuit making process is of paramount 
importance to this study. The stability of catechins has been studied by a number of 
researchers, but is limited only to aqueous systems. Biscuit is a complex matrix, 
containing multiple components such as water, starches, proteins, lipids and ions. 
Moreover, the inherent dynamic nature of the baking process adds to the complexity 
of the system. The temperature profiles, moisture profiles, and pH of the system 




where these parameters are more or less constant. Hence the ability to predict the 
stability of tea catechins in such a complex matrix is a challenge in itself, and needs to 
be addressed.  
 
1.2 AIMS AND OBJECTIVES 
The aims and objectives of this study are as follows –  
1. To study the stability of green tea catechins in biscuit dough and during biscuit 
baking process. 
2. To study the reaction kinetics of green tea catechins and develop mathematical 
models so as to be able to predict their stability during biscuit baking. 
3. To study the effects of green tea catechins on lipid oxidation or rancidity in 
biscuits. 
4. To investigate the effects of tea catechins on biscuit quality, including various 
physical, textural, rheological and sensory properties of biscuit dough and 
biscuit. 
 
1.3 OVERVIEW OF THE THESIS STRUCTURE 
A literature review is given in Chapter 2, which covers the functional properties of tea 
catechins, roles of principal biscuit ingredients, an overview of the biscuit making 
process, and mechanism of lipid oxidation. 
 
Chapter 3 entails a preliminary but highly important study on the stability of tea 
catechins in biscuit and biscuit dough during the biscuit making process. The results 
obtained here provide a baseline for the modeling of catechin profile in the biscuit 





Chapter 4 presents a model development study for tea catechins during biscuit baking. 
The models take into account the varying temperature and moisture profiles during 
the baking process. 
 
Chapter 5 emphasises on the ability of tea catechins to counteract lipid oxidation in 
biscuits. An accelerated shelf life study is carried out to measure lipid oxidation 
within reasonable time frames. Lipid oxidation was measured by chemical indicator 
tests such as peroxide value and anasidine value. 
 
Chapter 6 investigates the effect of green tea catechins on biscuit dough and biscuit 
quality. Biscuit quality includes physical (density, thickness), texture (hardness, 
fracturability, astringency, colour, stickiness) and sensorial properties and biscuit 
dough quality includes morphological (cohesiveness and stickiness) properties. 
 
Chapter 7 highlights the correlations between the analytical and sensorial results 
obtained in Chapter 6, and it also elucidates the correlation between biscuit and dough 
properties. 
 












2.1.  GREEN TEA CATECHINS – AN OVERVIEW 
The beneficial effects of green tea are attributed to the polyphenolic compounds 
present in green tea, particularly the catechins, which make up 30% of the dry weight 
of green tea leaves (Graham, 1992). These catechins are present in higher quantities in 
green tea than in black or oolong tea, because of differences in the processing of tea 
leaves after harvest. There are ca. 8 - 30% of total catechins in dry green tea leaves 
(Wang et al., 2000a; Chen et al., 2001), and 29 - 80% in green tea extract (GTE) 
(Wang et al., 2000b; Miura et al., 2001; Pelillo et al., 2002; Wang et al., 2003). The 
content of tea catechins is associated with species, climate, cultural practices, 
production, preparation and storage conditions (Wang et al., 2000a). Estimated daily 
intake of tea catechins based on 3 cups (600 mL) of green tea (1 - 4 g), which is 
brewed traditionally (1 - 5 min in boiling water), is in the range of 538 - 2594 mg of 
total catechins (Shishikura & Khokhar, 2005). Although a recommended daily intake 
(RDI) for the consumption of tea catechins is not available in the FDA database, 
drinking green tea up to 10 cups per day was reported as ‘having no problem’ (Fujiki 
et al., 1992). Additionally, the results of subchronic tests in rats showed that the dose 








2.1.1 Types and Chemical Structures of Tea Catechins 
Four major tea catechins have been identified as (-)-epigallocatechin (EGC), (-)-
epigallocatechin gallate (EGCG), (-)-epicatechin (EC) and (-)-epicatechin gallate 
(ECG). Their corresponding epimers are (-)-gallocatechin (GC), (-)-gallocatechin 
gallate (GCG), (±)-catechin (C) and (-)-catechin gallate (CG) (Figure 2.1), 
respectively (Chen & Chan, 1996; Zhang et al., 1997; Wang et al., 2000a; Pokorny et 
al., 2001).  EGCG is the most abundant and active catechin compared to its 
homologues (Chen et al., 2001; Higdon & Frei, 2003; Dew et al., 2005) and has been 
accepted as a quality indicator of green tea products (Wang et al., 2000b; Pelillo et al., 
2002).  
 
2.1.2 Antioxidant Activity of Tea Catechins 
The antioxidative activity of tea catechins is structure-dependent. The three adjacent 
hydroxyl (OH) groups at positions C-3', 4' and 5' on the B ring of EGCG, GCG, EGC 
and GC are more effective on scavenging free radicals than the two adjacent OH 
groups at C-3' and 4' in ECG, CG, EC and C, respectively (Figure 2.1). Moreover, 
catechins with additional gallate moiety at C-3 generally hold stronger scavenging 
effects than non-gallate catechins, i.e. ECG > EC and EGCG > EGC (Yoshioka et al., 
1991; Salah et al, 1995; Chen & Chan, 1996; Nanjo et al, 1996; Guo et al., 1999; Su 
et al., 2003; Mandel & Youdim, 2004; Mukai et al., 2005).  
 
However, many studies in the literature demonstrate that the antioxidant activity of 
tea catechins is also radical-dependent and medium-dependent. The following is a 
summary of the antioxidative activity / free-radical scavenging ability of tea catechins 




























































































































1). Reduction potentials 
• EGC > EGCG > GCG > EC > ECG by saturated calomel electrode (SCE) at 
pH 6.15 (Balentine et al., 1997) 
• EGCG = EGC > ECG > EC by hydrogen electrode (NHE) at pH 7 (Higdon & 
Frei, 2003) 
2). pH associated system  
• EGCG > ECG > EGC at pH = 4 – 7 (Nanjo et al., 1996)  
• ECG > EGCG > EGC at pH = 10 (Nanjo et al., 1996) 
• EGCG > ECG = EGC >> EC at pH = 6 - 12 in the presence of linoleic acid 
(Kumamoto et al., 2001) 
3). Free radicals/reactive oxygen species (ROS) induced system 
• 1,1-diphenyl-2-picrylhydrazy (DPPH) or 2,2’-azobis(2-aminopropane) 
hydrochloride (AAPH):  
- EGCG = ECG > EGC > EC (Nanjo et al., 1996; Kondo et al., 1999) 
- EGCG > EGC > EC (Guo et al., 1999) 
• ABTS* radicals:  
- ECG > EGCG > EGC > EC = C (Salah et al., 1995) 
- ECG > EGCG > EGC > EC (Higdon & Frei, 2003)  
• Hydroxyl radicals (OH*): 
- ECG > EGCG > EC > GC > EGC > C (Wiseman et al., 1997) 
- ECG > EC > EGCG >> EGC (Guo et al., 1996) 
• Quenching singlet oxygen (1O2):  
EGCG > ECG > EGC > EC > C (Mukai et al., 2005) 




ECG = EGCG = EC = C > EGC (Salah et al., 1995) 
4). Lipid /lipophilic system  
• In canola oil: EGC > EGCG > EC > ECG (Chen & Chan, 1996) 
• In lard: EGCG > EGC > ECG > EC (Nanjo et al., 1996) 
• In cooked fish: EGCG ≈ ECG > EGC >> EC (He & Shahidi, 1997) 
• In bulk corn oil: ECG > EGCG > EGC (Huang & Frankel, 1997) 
5). Metal ions induced lipid peroxidation 
• Cu2+ mediated oxidation of low-density lipoprotein (LDL):  
- EGCG = ECG > EC > EGC (Zhang et al., 1997) 
- EGCG > ECG > EC > C > EGC (Miura et al., 2001) 
• Fe2+/Fe3+-stimulated synaptosomal lipid peroxidation: 
EGCG > ECG > EGC > EC (Guo et al., 1996) 
• Fe2+/Fe3+-induced lipid free radicals: 
ECG > EGCG > EC > EGC (Guo et al., 1996) 
6). Emulsion system 
• In soy lecithin liposomes:  
EGCG > EC > C ≈ ECG > EGC (Huang & Frankel, 1997) 
• In lecithin with lipoxidase present:   
ECG > EGCG > EGC > EC (Guo et al., 1996) 
7). Micelle system 
• In sodium dodecyl sulfate (SDS) micelle initiated by di-tert-butyl hyponitrite 
(DBHN): EC > ECG > EGCG > EGC (Chen et al., 2001) 
• In cetyltrimethylammonium bromide (CTAB) micelle:  





Tea catechins have the most effective antioxidant activity compared to other tea 
polyphenols. The major green tea catechins, i.e. (-)-epigallocatechin gallate (EGCG), 
(-)-epicatechin gallate (ECG), (-)-epigallocatechin (EGC) and (-)-epicatechin (EC) 
can change to their epimers that are non epicatechins, i.e. (-)-gallocatechin gallate 
(GCG), (-)-catechin gallate (CG), (-)-gallocatechin (GC) and (±)-catechin (C) (Figure 
2.2). This epimerization between pair catechins is reversible. The chemical structures 
of epicatechins and non-epicatechins only differ between 2R,3R (2,3-cis, epi- form) 
and 2S,3R (2,3-trans, nonepiform) (Figure 2.1). EGCG and ECG are the most 
abundant and active catechins, which are usually used as quality indicators of green 
tea products (Lakenbrink et al., 2000; Wang & Helliwell, 2000; Wang et al, 2008). 
Tables 2.1 gives an overview of the scavenging activity of tea catechins on free 
radicals/ROS.
 
Figure 2.2. Epimerization of epistructured catechin EGCG to non-epistructured 
catechin GCG and vice versa; k1, rate constant from EGCG to GCG; k2, rate constant 









Table 2.1. Scavenging activity of tea catechins on free radicals/ROS 
Free radicals/ROS The order of scavenging activity References 
Singlet oxygen EC, C > EGC, GC > EGCG, GCG. 
EGCG > ECG > EGC > EC > C 
Guo et al., 1999 
Mukai et al., 2005 
Hydroxyl radical ECG > EGCG > EC > GC > EGC > C 
ECG > EC > EGCG > EGC 
Wiseman et al., 1997 
Guo et al., 1996 
Lipid peroxyl radical ECG = EGCG = EC = C > EGC Salah et al., 1995 
ABTS* radical ECG > EGCG > EGC > EC = C 
ECG > EGCG > EGC > EC 
Salah et al., 1995 
Higdon & Frei, 2003 
DPPH• radical EGCG = ECG > EGC > EC Nanjo et al., 1996 
AAPH EGCG > EGC > EC Guo et al., 1999 
 
The above summary clearly shows that the antioxidative activity / free radical 
scavenging ability of tea catechin varies with the type of radical species, ionization 
state, pH, polarity and enzyme in the designated studies. Although many mechanisms 
have been proposed for the antioxidative activity of tea catechins, the precise 
oxidation pathway and free radical scavenging process of tea catechins are not well 
established (Kondo et al., 1999; Higdon & Frei, 2003; Hatano et al., 2005).  
 
2.1.3 Health Benefits of Tea Catechins 
Tea antioxidants have drawn increased attention in recent years because of their 
potential health benefits, not only as an antioxidant agent but also as 
antiarteriosclerotic, anticarcinogenic, and antimicrobial agents (Wang & Zhou, 2004).  




diseases associated with reactive oxygen species (ROS), such as cancer, 
cardiovascular and neurodegenerative diseases. A number of epidemiological, animal 
model and cell line studies have shown the preventive effect of green tea catechins on 
a number of diseases. Some of them include cancers such as those of the skin, breast, 
prostate, liver and lung (Adhami et al., 2004; Yang et al., 2002), neurodegenerative 
diseases (Parkinson's disease, Alzheimer's disease, and ischemic damage) (Zhao, 
2005; Mandel & Youdim, 2004; Weinreb et al., 2004; Sutherland et al., 2006), and 
HIV (Nance and Shearer, 2003). Green tea is also known to be anti-angiogenic 
(prevention of tumor blood vessel growth) (Cao and Cao, 1999; Pfeffer et al., 2003), 
anti-mutagenic (Kuroda & Hara, 1999), anti-diabetic and anti-obesity (Kao et al., 
2006), antibacterial (Stapleton et al., 2004), and anti-inflammatory (Dona et al., 
2003). 
 
2.1.4 Novel Uses of Tea Catechins in Foods 
The use of GTE in foods such as bread, cereals, cakes, biscuits, dairy products, instant 
noodles, confectionery, ice cream and fried snacks gives ‘a healthier appeal to the 
consumer’; therefore, the marketing potential for these foods can be improved by the 
presence of catechins. A successful example has been their application in mooncake, a 
traditional cake eaten during the Chinese Middle Autumn Festival, into which the 
incorporation of GTE both increased the shelf life and improved the flavour. A more 
recent example is the addition of GTE to bread by Wang & Zhou, (2004). It was 
found that the addition of GTE had an effect on the sensory attributes of bread within 
a certain concentration range of GTE in bread, below which they had little or no effect 
and above which they proved to be detrimental to bread quality. The quality attributes 




firmness, and specific volume (Wang et al., 2007; Wang et al., 2006b). This study 
serves as a useful guideline for any manufacturer venturing or interested in adding a 
“healthier appeal” to bread. Furthermore, many antioxidant rich health drinks 
containing extracts from green and black tea in combination with other natural 
extracts can be found on the market (Wang, Provan, & Helliwell, 2000a). Mostly, the 
antioxidative activity of catechins makes them a potential candidate as a functional 
ingredient for foods and beverages (Yilmaz, 2006).  
 
Stability and the interaction with food constituents should also be taken into 
consideration for commercial applications of tea polyphenols as a functional 
ingredient. Green tea catechins are unstable at high temperatures and pH values, and 
their stability is poor when stored at room temperature for a long time (Su, Leung, 
Huang, & Chen, 2003). Wang & Zhou (2004) studied the stability of GTE in the 
bread making process, including the frozen and unfrozen dough. The results obtained 
showed that green tea catechins were relatively stable in dough during freezing and 
frozen storage at -20 °C for up to 9 weeks. There were no further detectable losses of 
tea catechins in bread during storage of 4 days at room temperature. It was also 
revealed that EGCG and EGC were more susceptible to degradation than ECG and 
EC.  
 
A study on the effects of green tea powder on cake quality has also been reported (Lu 
et al., 2010). It was found that the cake batter became more viscous and there was an 
increase in cake hardness, cohesiveness and adhesiveness with increasing levels of 
green tea powder. This indicates that the incorporation of GTE may affect the 




thus changes dough structure. The acceptance of cake containing high amounts of 
green tea powder also dropped, possibly due to hardness and bitterness (Lu et al., 
2010). This may indicate that sensory properties of biscuits will be affected by the 
amount of GTE used. However, it must be noted that ground tea leaves were used in 
the cake experiment, which were different from the highly purified GTE used in this 
study. 
 
2.2 BISCUITS – AN OVERVIEW 
2.2.1 The Biscuit Making Process 
A variety of biscuits exist in the market today, the most common one being sweet 
biscuits that are hard and crunchy, made from short dough, also known as “cookies”. 
Biscuits containing a high degree of fat and sugar are hard as they contain less than 
4% moisture (Manley, 1998). The dough is not extensible, or “short”, due to limited 
gluten network formation. 
 
Biscuit dough is formed by mixing of wet ingredients with dry ingredients. The wet 
ingredients consist of water and fat and must be well emulsified (Manley, 1998). 
Sugar and some chemical leavening agent can be dissolved into the aqueous phase to 
ensure they become well dispersed later in the mixing. Mixing results in a partial 
hydration of wheat carbohydrates and proteins. The water and fat emulsion limits the 
formation of gluten network. The structure of short dough can be described as starch 
granules embedded in a continuous network of concentrated sugar solution, lipid 
crystals and native gluten (Chevallier et al., 2000). The dough network is represented 







Figure 2.3. Schematic representation of matrix structure: (a) “gluten network” 
structured product, (b) short dough, (c) biscuit (Adapted from Chevallier et al., 2000). 
 
Baking transforms the dough into a cellular structure. The high temperature causes the 
evaporation of water and production of carbon dioxide from chemical leavening 
agents, resulting in expansion. The resulting denaturation and decreased solubility of 
proteins, along with the drying of starch granules, causes stiffening of the structure. 
This causes the formation of gas cells and a porous structure (Figure 2.3 (c)). At the 
same time, non-enzymatic browning occurs at the surface of the biscuit. According to 
Baltsavias, Jurgens and van Vliet (1999), mechanical properties of biscuits are mainly 






2.2.2 Roles of Principal Biscuit Ingredients in the Biscuit Matrix  
Common biscuit ingredients include flour, sugar, fat, water, salt and leavening agents. 
They serve different functions during biscuit making. Flour makes up the bulk of 
biscuits and contributes to the texture of the dough through formation of gluten 
network upon mixing with water. Water mainly functions to hydrate flour and wheat 
proteins, dissolve sugar and other substances to form solutions, forms the liquid phase 
in the mass together with fat. Most of the water is removed during the baking process. 
Sugar imparts flavour (sweetness) and contributes to the structure and hardness of 
biscuits especially in short doughs. Sugar also takes part in the Maillard reactions with 
amino acids (proteins) in flour during baking, contributing to browning of biscuits. 
Leavening agents such as ammonium bicarbonate and sodium bicarbonate cause the 
rising of the dough during baking through production of carbon dioxide, hence 
increasing the product volume. Fat promotes tenderness of the biscuit through 
prevention of excessive gluten development (Manley, 1998). The fat component of 
biscuits can be butter, margarine or vegetable oil.  
 
2.2.2.1 Wheat Flour 
Wheat flour is the principal component of nearly all biscuits. It does not contribute 
much to flavour, except perhaps where bran is included. It does contribute strongly to 
the baked texture, hardness and shape of biscuits. Most biscuits can be made from 
flour which has a low quantity of protein and has gluten that is weak and extensible. 
Thus, flour with a protein level of less than 9% is best and levels of more than 9.5% 
often create processing problems. This is because a high protein content means an 
increased gluten development, which creates a firmer dough and biscuit (Lallemand 




viscosity and increased water absorption (Maache-Rezzoug et al., 1998). The total 
elimination of protein in flour is also undesirable. It was shown that replacement of 
flour with starch resulted in biscuits that were too spreadable and inhomogeneous 
(Baltsavias et al., 1999). However, the partial replacement with starch resulted in 
biscuits with lower fracture stress. A typical specification for a biscuit flour to be used 
for chemically aerated biscuits will include some or all of the characteristics and 
values shown in Table 2.2 (Manley, 2000). 
 
Table 2.2. Typical specification of flour used for chemically aerated biscuits (Manley, 
2000) 
Wheat type 




Moisture cotent 14.0% +0.5%  
Smell 
Free from mustiness (moulds), no 
taints 
From paint, detergents etc. 
  
Protein 9.0% +0.5%  
Colour grade figure (Kent-
Jones) 3.5 
+1.0%  
Particle size range   
Particles greater than 250 μm < 1.0%   
Particles greater than 50 μm 40% +5.0%  
Resistance, Brab. Units 330 +50  
Extensibility, cm 15.6 1.0  
 
Protein Quality of Flour 
Flour proteins are classified into glutelins, prolamins, globulins and albumins. Two 
primary proteins, glutelins (glutenins in wheat) and prolamins (gliadins in wheat) 
form a mass upon hydration, namely gluten, which is only present in wheat flour. 
Glutenins (polymeric proteins) contain multiple polypeptide chains linked by 




chain polypeptides. In dough development gliadins develop a folded or globular 
molecular structure (intra molecular type) resulting in viscous and extensible dough, 
while glutenins form a large molecular complex (inter molecular type) responsible for 
elastic and tenacious dough property (Figure 2.4). 
 
The quantity and quality of the proteins present in flour have a major role in 
influencing the rheological behaviour of the dough, particularly when flour is the 
major constituent of the formula. This concerns principally their physico-chemical 
properties which impart differing rheological characteristics of doughs with an 
equivalent formula. For this reason in biscuit-making, each flour requires a specific 
formula.  
 





Bread is the most studied cereal based baked product. Many studies demonstrated that 
bread structure is based on a gluten network embedding starch granules. This network 
develops during mixing and resting and is thermally set by baking. Could biscuit 
structure be described by a similar scheme (Figure 2.3 (a)) with a continuous phase of 
gluten or any other component in which are embedded isolated particles? Chevallier 
et al., 2000 showed that no gluten network can be responsible for the macroscopic 
cohesiveness (Figure 2.3). 
 
2.2.2.2 Sugar 
Sugars are major and important ingredients of most biscuits. In addition to the 
sweetness they are structural and flavour modifying and enhancing substances. 
Sucrose in biscuit doughs dissolves, or partially dissolves depending on the amount of 
water present, and then recrystallises or forms an amorphous glass (a supercooled 
liquid) after baking. In this way it strongly affects the texture of baked biscuit. If the 
quantity of sucrose is high the biscuit is hard. 
 
As sucrose dissolves it contributes to the liquid phase of the dough so, to the point 
where the sucrose solution is saturated, the amount of sucrose depresses the amount of 
water needed in dough. Sucrose shifts the starch gelatinisation point to a higher 
temperature thus allowing the dough more time to rise in the oven. 
 
Sucrose is a disaccharide, that is, it is made up of two molecules of the basic sugar 
structure. If sucrose in solution is hydrolysed (inversion) the molecule is split into its 
two components giving the monosaccharides, dextrose and fructose. All 




(from proteins) in the Maillard reaction which occurs during baking and which is the 
way in which dark and attractive surface colours are formed. Primarily for this reason 
usually between 10-20% of the sugar used in biscuit dough is a reducing sugar 
(Manley, 2000). 
 
The effect of sugar on dough behaviour is an important factor in biscuit-making. In 
excess, sugar causes a softening of the dough, due in part to competition between the 
added sugar and the availability of water in the system. Using a Farinograph, Olewnik 
and Kulp (1984) observed that an increase in the sugar concentration in cookie dough 
reduced its consistency and cohesion. Mizukoshi (1985) studied the effect of varying 
sugar content on shear modulus measured during cake baking, while keeping the 
proportion of other ingredients constant. He showed that below 20% sugar had no 
effect on shear modulus, whereas an increase from 30 to 40% reduced it appreciably, 
revealing the existence of a threshold value associated with the variation of sugar 
content in the formula. Vettern (1984) studied the effects of sugar quantity and its 
grain size on biscuit spreading. It was concluded that a fine grain size and a high 
concentration of sugar contributed to a significant spreading of the biscuit. Sucrose 
acts as a hardening agent by crystallizing as the cookie cools, which makes the 
product crisp. However, in moderate amounts, it acts as a softener, due to the ability 
of sucrose to retain water (Schanot, 1981). Sugar makes the cooked product fragile, 
since it regulates hydration and tends to disperse the protein and starch molecules, 
thereby preventing the formation of a continuous mass (Rezzoug et al., 1998). 
 
Increasing the concentration of sugar in the mix produces an increase in the total 




rise in the temperature of the mix as a result of heating by viscous dissipation. The 
dough changes from a solid and consistent texture (dough with 25% sugar) to an 
extremely soft texture (50% sugar) (Rezzoug et al., 1998). 
 
Table 2.3. Effect of sugar content on the total specific energy consumed during the 
mixing cycle, on temperature of the mix and dough quality (Rezzoug et al., 
1998). 
Sugar content (%) TSE (daJ/Kg) T (0C) Dough Quality 
25 28424 31.4 Firm and consistent 
30 29445 31.7 Firm and consistent 
35 29972 31.6 Soft 
40 30778 31.9 Soft 
50 31695 32.1 Extremely soft 
 
2.2.2.3 Lipids 
Fats are probably the most important ingredients used in biscuit manufacture. They 
are the third largest components after flour and sugar. Fats are an integral part of 
every meal and have always been part of human diet as they are found in both animal 
and vegetable tissues. 
 
Fats perform a textural function in doughs. During the mixing of dough there is 
competition for the flour surface between the aqueous phase and the fat. The water or 
sugar solution interacts with the flour protein to create gluten which forms a cohesive 
and extensible network. When fat coats the flour this network is interrupted and the 
eating properties after baking are less hard, shorter and more inclined to melt in the 
mouth. If the fat level is high the lubricating function in the dough is so pronounced 




formed and starch swelling and gelatinisation is also reduced giving a very soft 
texture. The dough breaks easily when pulled, it is short. This is the origin of the term 
‘shortening’ for a dough fat. Fats deteriorate on storage, changes known as rancidity 
or flavour reversion. Antioxidants can be used to retard the onset of oxidative 
rancidity (Manley, 2000). 
 
Fats contribute their plastic and lubricant properties to biscuit dough. Oils are not 
usually used for biscuit making as the resulting dough is too soft and sticky 
(Baltsavias et al., 1999). The addition of fats results in dough that is soft, easier to mix 
and homogeneous. Addition of fats increases the spread and decreases the thickness. 
An increase in friability was observed with an increase in fat content, because fat 
encapsulates flour particles, thereby isolating them from each other, and they are more 
easily detachable (Maache-Rezzoug et al., 1998). This decreases the hardness of 
biscuits as they are easier to break. The reduction of level of fat can have adverse 
effects on dough property. It was found that a fat reduction increased the dough 
hardness, consistency and extrusion time (Sudha et al., 2006). 
 
2.2.2.4 Water 
Water is used in small quantities in the production of short dough biscuits but has a 
significant effect on dough and biscuit properties. In general, water is needed for 
hydration of flour and solubilising sugars. This maintains the continuous matrix of the 
dough and affects dough structure. The dough becomes brittle and crust-like if too 
little water is added during mixing. An increase in water content affects the dough 




reduce dough viscosity and increase dough extensibility (Maache-Rezzoug et al., 
1998). This caused the biscuits formed to have a greater spread and lower thickness. 
 
2.2.2.5 Chemical Leavening Agents 
Sodium Bicarbonate 
This material, variously known as bicarbonate of soda or baking soda, was the 
original chemical leavening agent. Baking soda can be used either on its own or 
combined with an acid (as in baking powder) (Edwards, 2007). In the presence of 
moisture, soda will react with any acidic materials to liberate carbon dioxide gas, 
decomposing to sodium salt and water. As many biscuit ingredients, including flour, 
have acidic ingredients, it is often useful to use sodium bicarbonate as a means of 
adjusting the pH of the dough and resulting biscuit (Wade, 1988). If the carbon 
dioxide liberated is required as a raising agent it is best to keep the soda away from 
the other ingredients as long as possible by, for example, in multi-stage mixes, adding 
at the last stage with the flour. In these circumstances the soda must be evenly 
dispersed through the mix and the soda should be screened with a fine sieve before 
use to remove any lumps. An excess of sodium bicarbonate will give biscuits an 
alkaline reaction and a yellowish crumb and surface colouration with an 
accompanying unpleasant taste (soda bite) (Manley, 2000).  
 
Ammonium Bicarbonate 
This extremely useful leavening agent for biscuits decomposes completely when 
heated, breaking down into carbon dioxide gas, ammonia gas, and water. It is readily 
soluble in water and is very alkaline giving softer doughs which require less water for 




the available gas is lost when it is dissolved in water and held at normal temperatures. 
The dissociation is particularly rapid at about 600C, that is, well into the oven as the 
dough pieces are baked. Being a carbonate it will, of course, react readily with other 
acidic ingredients, but the alkalinity conferred on the dough is not carried through to 
the baked biscuit (Manley, 2000). It can be safely used for aerating biscuit doughs 
because the low moisture content of the finished product ensures that no ammonia 
remains to contaminate the flour (Wade, 1988). 
 
Because ammonium bicarbonate can produce so much gas, precautions must be taken 
to ensure it is uniformly distributed throughout the product lest large voids should 
appear in the finished item. The practical solution to this problem is to make a 
solution of ammonium bicarbonate in warm water and add that to the mixer rather 
than adding the solid with the other ingredients (Edwards, 2007).   
 
Baking Powder 
The use of a manufactured baking powder is the commonest solution in bakeries. A 
single acting powder would use monocalcium phosphate anhydrous while household 
double acting baking powder would use monocalcium phosphate hydrate and sodium 
aluminium sulphate. Double acting baking powder intended for bakery use would use 
monocalcium phosphate hydrate and sodium acid pyrophosphate (Edwards, 2007). 
The baking powder used in this study contains sodium bicarbonate, calcium 





2.2.3 Other Functional Ingredient Applications in Biscuits 
Besides green tea, a variety of plant extracts with antioxidant capacity exist. This 
section discusses some of the effects of such plant extracts on biscuit quality. The 
effect of mint powder and mint extract was studied on biscuit texture, colour and 
sensory parameters (Bajaj, Urooj, & Prabhasankar, 2006). It was shown that the 
hardness of biscuits incorporated with mint powder and extract increased. The 
interaction of menthol with flour was suggested to be the cause. There was also a 
significant change in colour of the biscuit with addition of mint powder and mint 
extract. However, sensory evaluation showed no significant change in texture, 
although a decrease in the acceptance of mouth feel, taste and overall quality of the 
biscuit was observed. 
 
In another study, the effect of various plant based extracts and powders (Garcinia, 
Peltophorum ferrugineum flower extract, turmeric powder and curcumin) with 
antioxidant activities were added to biscuits and the quality of biscuits produced was 
studied (Nanditha, Jenab, & Prabhasankara, 2008). The mass of biscuits was observed 
to decrease with the addition of plant extracts and powders. No trend was observed in 
the change in thickness or spread of the biscuits. The fracture force of the biscuit was 
observed to decrease with the addition of the plant extracts and powder. The proposed 
reason was that that biscuits became fragile due to interaction of antioxidants with 
flour components and other ingredients. This was contrary to the observations made 
based on green tea and mint extracts. In sensory evaluation, a decrease in acceptance 






2.3 LIPID OXIDATION 
2.3.1 Mechanism of Lipid Oxidation 
Lipid oxidation or autoxidation is a free radical chain reaction that occurs in the 
presence of oxygen and is catalyzed by heat, light or metals. Lipid oxidation consists 
of three steps - initiation, propagation and termination (Figure 2.5 (a)). The reaction is 
initiated when lipid radicals (R•) are formed from unsaturated fatty acids (RH) in the 
presence of catalysts. After initiation, propagation occurs in which the reactive lipid 
radical reacts with molecular oxygen to form peroxy radical (ROO•). The peroxy 
radical can abstract hydrogen from another fatty acid to form hydroperoxides 
(ROOH) as primary (intermediate) oxidation products and another lipid radical which 
can continue to react with another oxygen molecule. The process can be terminated 
when two radicals react to form a stable product (Nanditha & Prabhasankar, 2009; 
Sikorski & Kolakowska, 2003). As hydroperoxides are relatively unstable, they 
decompose readily to form volatile secondary products such as aldehydes, ketones 
and alcohols (Figure 2.5 (b)). The accumulation of these secondary compounds is 









Figure 2.5. (a) Lipid oxidation mechanism (Akoh & Min, 2002); (b) Formation 
pathways of secondary oxidation products (Adapted from Steele, 2004) 
Initiation:        RH                              R• + H• 
 
Propagation:    R• + O2  ROO• 
            ROO• + RH  ROOH +R• 
 
 
Termination:  R• + R•  RR 
  ROO• + ROO•  ROOR + O2  
  ROO• + R• ROOR  
 
         
      ROOH                           RO• + OH• 
     R=O + ROH 
RO• 
R=O + RH 
R• 
ROH + R• 
RH 
RCHO + R• 






2.3.2 Inhibition of Lipid Oxidation by Catechins  
There are several ways to retard lipid oxidation in foods. The rate of lipid oxidation in 
foods depends on several factors, such as fatty acid composition, amount of 
unsaturated fatty acids, double bond position as well as the processing and storage 
conditions (e.g. temperature, light, oxygen, metal ions, antioxidants) (Taub & Singh, 
1998). Thus, by controlling these factors, lipid oxidation can be reduced and the shelf 
life of foods can be extended. 
 
Antioxidants such as tea catechins in GTE are able to inhibit lipid oxidation by 
scavenging free radicals and interrupting the radical chain reaction. Catechins as 
antioxidants (AH) function by donating hydrogen to lipid (R•) or peroxy radicals 
(ROO•). At the same time, the catechin itself is converted to a phenoxy radical (A•) 
(Figure 2.6). The phenoxy radical is stabilized by resonance (delocalization of the 
unpaired electron into the ring structure) and formation of a ketone structure, thus, no 
new radicals of fatty acids can be generated (Kilcast & Subramaniam, 2000; 
Yamamoto, Juneja, Chu, & Kim, 1997).  
 
AH + R•  A• + RH 
AH + ROO•  A• + ROOH 
Figure 2.6. Antioxidative mechanism of catechins 
 
As mentioned in section 2.1.2, the antioxidant activity of catechins can be attributed 
to the presence of multiple hydroxyl groups. In CG, EC, C and ECG, the ortho-3’,4’-




stabilisation of the radical form. The trihydroxyl group in the B ring (3’,4’,5-OH) of 
the gallocatechins as well as the additional galloyl moiety attached to flavan-3-ol at 
the 3 position (C ring) with three more hydroxyl groups in ECG and EGCG 
contributes to the strong antioxidative activity of GTE (Mandel & Youdim, 2004).  
 
Several studies have been carried out illustrating the antioxidative effects of GTE on 
the oxidative stability of lipids in foods such as chicken meat (Tang, Kerry, Sheehan, 
Buckley, & Morrissey, 2001) and beef patties (Mitsumoto, O'Grad, Kerry, & Buckley, 
2005). However, there is limited research that has been done to demonstrate these 
effects on lipid oxidation in biscuits. Tang et al. (2001) showed that dietary green tea 
catechins (GTC) at 50, 100, 200 and 300 mg/kg feed was effective in inhibiting lipid 
oxidation in chicken meat during 9 months of frozen storage. GTC also significantly 
reduced lipid oxidation in minced meat muscle by two to four folds as compared to α-
tocopherol. Mitsumoto et al. (2005) reported that additon of GTC at 200 or 400 mg/kg 
had a greater effect in inhibiting lipid oxidation in cooked or raw beef patties as 
compared to vitamin C. These findings were consistent with Graham (1992) who 
found that in biological systems, the antioxidant activity of GTE had a greater effect 
on lipid oxidation as compared to ascorbic acid (vitamin C) and α-tocopherol (vitamin 
E) with respect to some active oxygen radicals. Recently Szkudlarz, Wojtasiak, 
Obuchowsi & Gośliński (2009) studied the effect of GTE on the oxidative stability of 
the lipid fraction in biscuits made with margarine as the fat component. After 
completing an accelerated shelf life study for 20 days at 600C they found that the 
addition of GTE at the level of 1% gave an excellent antioxidant effect on the biscuits 
lipid stability, inhibiting hydroperoxides formation by about 47% to 73% compared 




improve significantly lipid stability that was measured by anisidine value, and 
inhibited the formation of secondary oxidation products only by 3.5%. The p-
anisidine Value (p-AV) also showed that BHA was more effective in inhibiting the 
formation of secondary oxidation products. 
 
There have been a few studies regarding the inhibition of lipid oxidation in biscuits by 
various antioxidants other than GTE. Reddy, Urooj & Kumar (2005) examined the 
effects of amla, drumstick leaves and raisins on the stability of fat in biscuits while 
Bassiouny, Hassanien, Ali & Elkayati (1990) investigated the effects of marjoram, 
spearmint, peppermint and basil on the stability of fat in soda cracker biscuits. Both 
studies concluded that antioxidants from various natural sources were effective in 
inhibiting peroxide formation as the peroxide value (PV) for all the samples were 
lower than the respective controls. Anuradha, Naidu, Manohar, & Indiramma (2010) 
evaluated the antioxidative effect of vanilla extract on lipid oxidation in biscuits and 
found that the addition of natural vanilla extract to biscuits gave higher antioxidant 
activity and lowered the PV compared to synthetic vanillin-incorporated biscuits. 
Magda, Awad & Selim (2008) found that the addition of navel orange and mandarin 
peels powder increased the shelf life of biscuits and inhibited lipid oxidation as 
indicated by the peroxide values of navel orange and mandarin biscuits. 
 
2.3.3 Methods of lipid extraction  
Lipids are usually extracted from foods with the use of organic solvents prior to fat 
analysis. The choice of extraction solvent and method depends on the type of food 
and lipids present. Ideal extraction solvents should have a high solvent power for 




solvents used for fat extraction include ethyl ether and petroleum ether (Nielsen, 
2003). Bassiouny et al. (1990) extracted lipids from biscuits with the use of diethyl 
ether and the solvent was evaporated at 50oC. Mildner-Szkudlarz et al. (2009) carried 
out the extraction of biscuit lipids using petroleum ether and a rotary evaporator was 
used to remove the solvent by evaporation. Reddy et al. (2005) utilized n-hexane as 
an extraction solvent for biscuit lipids. Foods can either be simply shaken with the 
extracting solvent or using a Soxhlet apparatus. Fat samples are extracted by 
continuous rinsing with a non-polar organic solvent, usually hexane or petroleum 
ether, under reflux in the Soxhlet apparatus. It is also important to note that prior to 
extraction, dry samples such as biscuits are usually ground to minimize sample size 
and increase the surface area (Nielsen, 2003). 
 
2.3.4 Methods of lipid oxidation analysis 
There are several methods that can be used to measure the degree of lipid oxidation in 
foods. These methods can be classified into chemical, physical and instrumental 
analysis or based on whether they measure primary or secondary oxidation products.  
 
Peroxide value (PV) and anisidine value (AV) are the most commonly used chemical 
methods to measure the extent of lipid oxidation in biscuits. PV measures the amount 
of peroxides formed in the initial stages of lipid oxidation. The PV test is an 
iodometric test that is based on the reaction of hydroperoxides with potassium iodide 
to release iodine (Equation 2). The amount of iodine formed is proportional to the 
concentration of peroxides present and is measured by titrating with sodium 
thiosulphate (Equation 3). The PV is usually expressed in milli-equivalents (meq) of 





KI + CH3COOH  HI + CH3COO- K+  (1) 
ROOH + 2 HI   ROH + H2O + I2   (2) 
I2 + 2Na2S2O3   Na2S4O6 + 2NaI   (3) 
 
The PV is only useful to determine the degree of oxidation in the initial stages 
because hydroperoxides are further broken down to secondary products as lipid 
oxidation proceeds. To illustrate the overall extent of lipid oxidation, the PV can be 
combined with the AV to give the Totox value (TV) which is the sum of twice PV 
plus AV i.e. TV = 2PV + AV. This takes into account both the oxidative history of the 
oil and the potential for further deterioration. However, the TV is an empirical 
parameter since it is derived from the combination of two parameters with different 
dimensions (Akoh & Min, 2002; Steele, 2004).  
 
AV is defined as 100 times the optical density measured at 350 nm in a 1 cm cuvette 
of a solution containing 1 g of fat in 100 mL of p-anisidine-acetic acid mixture 
(AOCS, 1998). The value measures the amount of aldehydes, primarily 2,4-dienals 
and 2-alkenals, formed from decomposition of hydroperoxides. In the AV test, the 
aldehydes react with p-anisidine to form coloured compounds that absorb strongly at 


















Figure 2.7. Aldehydes react with p-anisidine to give coloured product (Adapted from 
Steele, 2004) 
 
Besides the PV and AV tests, there are other chemical methods that can be used to 
measure oxidative rancidity in foods which include free fatty acid, thiobarbituric acid 
(TBA) and Kreis tests. Conjugated dienes test, ultraviolet, infrared and luminescence 
spectroscopy are examples of physical methods. Instrumental methods involve 
analysis of secondary products through the use of volatile detection methods (e.g. 
dynamic headspace, solid phase microextraction, stir bar sorptive extraction and 
simultaneous distillation extraction) coupled with analysis of these volatiles by high 
performance liquid chromatography (HPLC) or gas chromatography-mass 
spectrometry (GC-MS). In addition, the extent of lipid oxidation can be determined 
through sensory evaluation (Steele, 2004; Taub & Singh, 1998). The choice of lipid 
oxidation measurement methods highly depends on the nature of food to be analysed. 
As lipid oxidation is a complicated process which involves several reactions to form a 















that can measure all the reactions and be universally applied to all foods, processing 
conditions and oxidation stages. Hence, there is a need to use a combination of 
different tests to obtain more accurate analyses (Taub & Singh, 1998).  
 
2.3.5 Effects of green tea extract and other natural antioxidants on oxidation in 
foods  
Several studies have illustrated the antioxidative effects of GTE on the oxidative 
stability of lipids in foods (Mildner-Szkudlarz, Zawirska-Wojtasiak, Obuchowski, & 
Goslinski, 2009; Tang, Kerry, Sheehan, Buckley, & Morrissey, 2001). However, there 
is limited research that has been done to demonstrate these effects on lipid oxidation 
in biscuits. The effects of GTE on oxidation were studied in other bakery products. 
Lu, Lee, Mau, & Lin (2010) investigated the effect of green tea powder on the quality 
and antioxidative property in sponge cake. They showed that addition of green tea 
powder at 10%, 20% and 30% was able to enhance the reducing power, antioxidative 
activity, scavenging ability on 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals and 
chelating ability on ferrous ions of the sponge cakes. For pure vegetable oils, it had 
been shown that plant extracts such as sage, thyme, rosemary and oregano could 
inhibit lipid oxidation in sunflower oil (Abdalla & Roozen, 1999; Ahn, Kim, Seo, 
Choi, & Kim, 2008). An increase in the oxidative stability of refined olive oil was 
observed with the addition of α-tocopherol up to 0.2% (Tabee, Azadmard-Damirchi, 
Jagerstad, & Dutta, 2008). Moreover, Huang & Frankel (1997) showed that green tea 
catechins (GTC) could prevent hydroperoxide formation in corn oil oxidised at 50oC 







A STABILITY STUDY OF GREEN TEA CATECHINS DURING 
THE BISCUIT MAKING PROCESS 
 
3.1 INTRODUCTION 
As discussed previously in chapter 2 (section 2.1.1), four major tea catechins have 
been identified as (-)-epigallocatechin (EGC), (-)-epigallocatechin gallate (EGCG), (-
)-epicatechin (EC) and (-)-epicatechin gallate (ECG). Their corresponding epimers are 
(-)-gallocatechin (GC), (-)-gallocatechin gallate (GCG), (+)-catechin (C) and (-)-
catechin gallate (CG), respectively (Chen & Chan, 1996; Wang, Helliwell & You, 
2000a).  The chemical structures of tea catechins have a common backbone, with 
variations in the substituents at the C-3 and C-5’ positions (Figure 3.1). 
 
Commercial utilisation of tea or tea products in biscuit is very limited, and no 
scientific information is available on the function of tea products on biscuit quality. 
Several studies have examined the stability of tea catechins in tea drinks under either 
direct brewing or industrial canning processes (Chen et al., 2001; Komatsu et al., 
1993; Wang & Helliwell 2000; Zhu, Zhang, Tsang, Huang, & Chen, 1997). The 
stability of tea catechins is closely associated with pH and temperature (Su, Leung, 
Huang, & Chen, 2003; Zhu et al., 1997). In alkaline solutions, they are very unstable 
and decompose in a few minutes, whereas in acidic solutions, they are relatively 
stable (Zhu et al., 1997). Wang, Zhou, and Wen (2006) studied the thermal stability of 










reactions in a microwave reactor. It was found that the degradation and epimerisation 
of tea catechins followed pseudo first-order kinetics, and the rate constants of the 
reaction kinetics for catechins followed the Arrhenius equation. In this study, GTE as 
a source of tea catechins, was incorporated into biscuit processing. Its stability in the 
dough, during the baking process, as well as in the finished biscuit, was investigated. 
Processed foods containing fats and oils get oxidised slowly during storage; various 
oxidation products cause rancidity and deterioration of the sensory properties of the 
food products. Autoxidation of fats and oils in processed foods may be prevented by 
the use of oxidation inhibitors or antioxidants (Reddy, Urooj, & Kumar, 2005). Thus, 
adding GTE to biscuit may not only improve its shelf life (by preventing rancidity), 
but also add a healthy appeal to biscuits in the consumer’s mind, popularly known as 
functional food. Recently, it was also shown that the state of an antioxidant ingredient 
(powder or solution) is particularly important for the dispersion of the antioxidant in 
dough and consequently for the stabilisation of the product (Verardo, Riciputi, 
Trivisonno, Marconi, & Caboni, 2010). This research aimed at studying the stability 
profiles of green tea catechins by adding GTE powder during the biscuit baking 
process. 
 
3.2 MATERIALS & METHODS 
3.2.1 Materials 
Biscuit flour (8.5% protein, 14.5% moisture) was obtained from Prima Ltd 
(Singapore). Pure cane sugar (fine grain, NTUC Fairprice Co-operative Ltd. 
Singapore) and fine salt (NTUC Fairprice Co-operative Ltd. Singapore) were 
purchased from a local supermarket. “Bake King” brand baking powder, sodium 




(Singapore). Unsalted butter (Anchor brand, Fonterra Ltd., New Zealand) was 
purchased from a local market. GTE (Camellia sinensis) was purchased from Pure 
Herbal Remedies P/L (Singapore). Chemical standards for (-)-epigallocatechin 
(EGC), (-)-epigallocatechin gallate (EGCG), (-)-epicatechin (EC), (-)-epicatechin 
gallate (ECG), (+)-catechin (C), (-)-catechin gallate (CG), (-)-gallocatechin (GC), and  
(-)-gallocatechin gallate (GCG) were purchased from Sigma Aldrich Chemical CO. 
(USA). Methanol (HPLC grade) and n-hexane 95% (HPLC grade) were purchased 
from Tedia Company Inc (USA). Formic acid was purchased from Merck (Germany). 
 
3.2.2 Biscuit sample preparation 
Biscuits were prepared using a method modified from that in Manohar & Rao (2002). 
Sugar (90 g) and butter (60 g) were creamed for 3–4 min in a mixer. Water (57 ml) 
containing sodium and ammonium bicarbonate (1.5 and 3 g respectively), and sodium 
chloride (3 g) was added to the above cream and mixed for 5 min. This was added to 
the mixture of wheat flour (300 g), GTE and baking powder (0.9 g) and mixed for 3 
min at 60 rpm. The dough was sheeted to a thickness of 3 mm and cut into circular 
shapes using a 70-mm diameter cutter and placed on an aluminium tray. They were 
then baked at 160oC for 10 min and allowed to cool for 30 min. The biscuits were 
stored in air-tight bags at ambient temperature. GTE powder was added at levels of 
150, 200, and 300 mg per 100 g of flour. To find out whether the pH of the system 
was one of the reasons responsible for the loss of catechins in dough, a control sample 
with 200 mg GTE per 100 g flour was prepared without adding any material that 
could contribute to the alkalinity of the product. This included all the above 
mentioned ingredients except baking powder, sodium bicarbonate, and ammonium 




stored at -18oC, ready for chemical analysis. An online temperature monitoring 
system using T-type thermocouples was employed during the baking process. 
 
3.2.3 HPLC analysis of tea catechins 
3.2.3.1 Preparation of GTE solution  
The GTE was specified by the manufacturer as having total catechins >50% (w/w, 
HPLC determination) and (-)-EGCG >25%, as a quality marker of GTE. 
Approximately 10 mg of green tea extract was dissolved in 100 ml of a solution that 
was made up by HPLC grade methanol/deionised water/formic acid (70/29.7/0.3, 
volume fraction). The solution was filtered through a membrane of 0.45 µm prior to 
injection. 
 
3.2.3.2 Sample extraction 
Vacuum dried and ground sample was defatted in 30 ml of hexane at 70oC for 20 min. 
The hexane fraction was decanted. An aqueous mixture of 40 ml of 70% methanol 
with 29.7% water and 0.3% formic acid was added, and the sample was shaken 
mechanically in a water bath at 70oC for 45 min. The aqueous layer was obtained by 
vacuum filtration, and its volume was then made up to 50 ml with the same extract 
solvent. Filtration at 0.45 µm was done before injection. A comparison of the 
extraction rates was carried out with four extraction durations of 30, 45, 60 and 90 








3.2.3.3 Recovery rate 
The recovery rate of the analysis method was determined by spiking a biscuit /dough 
sample with GTE. Extraction and analysis procedures were the same as those 
described previously. The recovery rate was calculated by the ratio of the detected 
amount to the original spiked amount of tea catechins. 
 
3.2.3.4 Standard solution 
Pure standards of (-)-epigallocatechin (EGC), (-)-epigallocatechin gallate (EGCG), (-
)-epicatechin (EC), (-)-epicatechin gallate (ECG), (+)-catechin (C), (-)-catechin 
gallate (CG), (-)-gallocatechin (GC), and (-)-gallocatechin gallate (GCG) were freshly 
prepared in aqueous solution containing 70% methanol, 29.7% water and 0.3% formic 
acid. Five concentrations of the calibration solution were made at the level of 1, 5, 10, 
20, and 50 ppm respectively. Calibration curves were linear when forced through the 
origin, with correlation coefficients (R2) close to unity. The calibration curves for all 
the eight tea catechins are shown in Fig. 3.2. 
 
3.2.3.5 HPLC analysis 
The HPLC analysis method was adopted from Wang et al. (2004). Briefly, an HPLC-
PDA (Waters 2695/2696), equipped with an auto injector and a C18 reversed-phase 
column (250x4.6 mm/5 µm, Waters) was used for the analysis. Mobile phases 
consisted of 0.1% formic acid in methanol (eluent A) and formic acid in water (eluent 
B). A gradient system was adopted as follows: 0-10 min, 10% B; 10-28 min, linear 
gradient from 10 to 30% B; 28-35 min, linear gradient from 30 to 45% B; 35-45 min, 
linear gradient from 45 to 60% B; 45-50 min, 60% B; 50-55 min, linear gradient from 




rate was 0.5 ml/min. Tea catechins were detected at 275 nm. For the biscuit/dough 
sample extracts, the amounts of (-)-EGCG and (-)-ECG were taken to quantify the 




Figure 3.2. Linear calibration curves for (-)-epigallocatechin (EGC), (-)-
epigallocatechin gallate (EGCG), (-)-epicatechin (EC), (-)-epicatechin gallate (ECG), 
(+-)-catechin (C), (-)-catechin gallate (CG), (-)-gallocatechin (GC), and (-)-



































































































3.2.4 Statistical analysis 
All experiments were carried out in triplicate, and the results reported are the means 
of those replicate determinations with the corresponding standard deviations. Analysis 
of variances and pairwise comparisons were examined by ANOVA single-factor test 
at the P < 0.05 confidence level. 
 
3.3 RESULTS & DISCUSSION 
3.3.1 HPLC analysis of tea catechins in GTE 
The green tea extract used in this study had ca. 50% of its weight made up by four 
major tea catechins (Table 3.1), which are (-)-EGCG, (-)-ECG, (-)-CG, and (-)-GCG. 
Of the four tea catechins determined, (-)-EGCG and (-)-ECG were the two main 
components in the GTE. These results are consistent to those provided by the 
producer, as well as by Wang et al. (2004). 
 
Table 3.1 Major tea catechins in green tea extract (GTE)  
Green Tea Catechins % (w/w) in GTE 
(-)-EGCG 31.96 ± 0.74 
(-)-GCG 5.77 ± 0.17 
(-)-ECG 9.10 ± 0.47 
(-)-CG 2.10 ± 0.43 





Besides the above mentioned four catechins, relatively small amounts of four other 
catechins were also eluted by the HPLC analysis system (data not shown). They were 
(-)-epigallocatechin (EGC), (-)-epicatechin (EC), (+)-catechin (C), and (-)-
gallocatechin (GC). There was ca. 60% of total tea catechins in the GTE used in this 
study. 
 
3.3.2 Optimum extraction temperature and time 
A series of experiments were conducted to find out the optimum extraction 
temperature and time. The experiments were carried out at two extraction 
temperatures (50oC and 70oC) and for four extraction durations (30, 45, 60, and 90 
min). It was found that extraction at 70oC for 45 min yielded the highest extraction 
rates for EGCG and ECG (Figure 3.3). The lower extraction rates over longer 
extraction times (>45 min) could be due to thermal degradation, and those for shorter 
times (30 min) could be due to insufficient extraction time. 
 
3.3.3 Catechin profile in biscuit during baking 
Catechin concentration in the dough/biscuit was determined at two-minute intervals 
during the whole baking process. The levels of GTE added were 150, 200, and 300 
mg per 100 g of flour. The results are shown in Figure 3.4. The amount of (-)-EGCG 
and (-)-ECG was maximum in the dough and decreased as baking progressed. The 
level of retention of EGCG and ECG increased in the dough and biscuit as the initial 
concentration of GTE was increased from 150 mg to 200 mg and 300 mg per 100 g of 
flour (i.e. 0.15%, 0.20% and 0.30%, respectively). Figure 3.5 shows that the loss of (-




GTE level in the dough. A highly linear relationship was found between the loss and 
addition level of GTE in the biscuit dough. 
 
Figure 3.3.  Comparison of extraction efficiency for the catechins EGCG and ECG at 
2 different temperatures (a) 50oC and (b) 70oC in biscuit crumb fortified with GTE. 
 
The HPLC analysis revealed that there was a higher percentage of (-)-CG and (-)-
GCG in biscuit as compared to their corresponding epimers (-)-ECG and (-)-EGCG 
(Table 3.2). It can be seen that the amount of (-)-CG in the biscuit is more than that 
added initially in the dough. This could be due to epimerization. This higher amount 







































Figure 3.4.  Change in concentration of (a) EGCG and (b) ECG in biscuit during the 
baking process. 
 
biscuit baking. However, in this particular study, the final concentrations of each 
catechin in the biscuit have been calculated and compared to get some idea about the 
stability order of green tea catechins in biscuit. Hence, the term “stability order” over 
here refers to the comparison of final concentrations of the tea catechins in the biscuit. 
As shown in the previous section, the stability order of green tea catechins in the 























































EGCG. The higher percentage of ECG than EGCG for each concentration could be 
due to that, as reported by Zhu et al. (1997) and Su et al. (2003), (-)-EGCG was less 
stable than (-)-ECG. 
 
 
Figure 3.5.  Loss of tea catechins in biscuit at the end of 10 min baking. 
 
Table 3.2.  Relative retention rates of tea catechins in biscuit with different levels of    




200 mg of 




200 mg of 
GTE/100 g of 
flour, % 
Biscuit with 
150 mg of 
GTE/100 g of 
flour, % 
Biscuit with 
200 mg of 
GTE/100 g of 
flour, % 
Biscuit with 
300 mg of 
GTE/100 g of 
flour, % 
(-)-EGCG 43.78 ± 0.50 60.41 ± 1.32 2.11 ± 1.50 7.17 ± 1.31 21.05 ± 0.08 
(-)-GCG 44.71 ± 0.71 54.46 ± 1.04  14.32 ± 1.25 37.05 ± 1.40 40.57 ± 2.44 
(-)-ECG 71.14 ± 3.74 68.46 ± 1.85 7.41 ± 1.21 23.37 ± 2.13 29.99 ± 1.25 
(-)-CG 51.00 ± 3.92 47.33 ± 2.13 40.23 ± 3.61 115.80 ± 7.16 151.88 ± 2.64 
y = 0.0857x + 18.334
R² = 0.9775
































3.3.4 Comparison with the stability of green tea catechins in other systems 
including bread 
As discussed in section 2.1.2, the antioxidant and radical scavenging properties of 
green tea polyphenols have been studied by many researchers in the past. Structurally, 
they have been attributed to the presence of the ortho-3’, 4’-dihydroxy moiety in the 
B ring of their molecule (CG, EC, C, ECG), which participates in electron 
delocalization and stabilizes the radical form. The antioxidant properties of green tea 
polyphenols are also known to be medium and radical-dependent. In the aqueous 
phase mediated by DPPH● radicals, their order was reported as (-)-EGCG = (-)-ECG 
> (-)-EGC > (-)-EC (Nanjo, Goto, Seto, Suzuki, Sakai & Hara, 1996), whereas in the 
aqueous phase induced by ABTS● radicals, a similar order was found: (-)-ECG > (-)- 
EGCG > (-)-EGC > (-)-EC (Salah, Miller, Paganga, Tijburg, Bolwell & Riceevans, 
1995). In the lipid/lipophilic system, initiated by lipid peroxyl radicals, ECG = EGCG 
= EC = C > EGC (Salah et al., 1995). In lard, EGCG > EGC > ECG > EC (Madhavi, 
Singhal & Kulkarni, 1996). In Canola oil, EGC > EGCG > EC > ECG (Chen et al., 
1996). On the basis of the redox potentials of tea catechins, the order of their 
antioxidant activity was reported as (-)-EGC > (-)-EGCG > (-)-GCG > (-)-EC > (-)-
ECG (Balentine, Wiseman, Bouwens, 1997). In addition, as shown by Wang et al. 
(2004), the relative stability of green tea catechins in bread was ranked as caffeine, (-
)-GC, (-)-EC > (-)-ECG > (-)-GCG, (-)-EGCG > (-)-EGC. 
 
The stability results obtained for green tea catechins in biscuit are not fully in 
agreement with any of the above model systems. Like bread, biscuit too is a complex 




aqueous and lipid phases. In comparison with bread, the biscuit matrix has a far 
higher proportion of the lipid phase and sugar, thus making it a unique system in 
itself. Hence, the stability of green tea catechins cannot be simply explained by 
extrapolating any of the above mentioned systems to incorporate the biscuit matrix. 
There was considerable loss of catechins during biscuit baking. The amount of ECG 
and EGCG at the end of baking process for 300 mg GTE per 100 g flour was 
29.99+1.25% and 21.05+0.08% respectively. This loss of catechins could be due to 
the combined effect of alkaline pH of the system, interactions of the catechins with 
certain components in the dough, epimerization or oxidation of catechins during 
baking, and degradation of catechins during the various biscuit making stages 
including mixing and baking.  
 
3.3.5 Impact of the alkalinity of biscuit dough on the stability of green tea 
catechins 
It is well known that green tea catechins are less stable in alkaline pH and more stable 
in acidic pH. It was seen that the stability of EGCG increased when the biscuit dough 
was prepared without adding any alkalinity-inducing material (Table 3.2). Su et al. 
(2003) studied the stability of green tea catechins in sodium phosphate buffer solution 
over a pH range from 5 to 7.4. They found that catechins were stable for over a period 
of time (~18 hrs) only at pH 5, and they began degrading from pH 6 onwards.  
 
In the case of bread dough, the pH is in the range of 5-6 (Wang et al., 2004). Ascorbic 
acid, which is one of the ingredients of the dough, helps maintain the acidic pH. In the 
biscuit system however, there is no severe acidic pH-inducing ingredient. On the 




ammonium bicarbonate, and baking powder. Not only does this mean that the pH of 
the biscuit dough is more on the alkaline side, but also that the stability of green tea 
catechins will be affected much more. To find out whether the pH of the system was 
responsible for the loss of catechins in dough, a control sample with 200 mg GTE per 
100 g flour was prepared without adding any material that could contribute to the 
alkalinity of the product. This included baking powder, sodium bicarbonate, and 
ammonium bicarbonate. The amount of EGCG and ECG present in this dough was 
60.41+1.32% and 68.46+1.85% respectively. These values are compared to 
43.78+0.50% and 71.14+3.74% respectively for biscuit dough with the same level of 
GTE incorporation. Hence, by reducing the pH, there was a statistically significant 
increase in the retention of EGCG in dough. To rule out any loss due to epimerization, 
the sum totals of (-)-EGCG + (-)-GCG, and (-)-ECG + (-)-CG from both the dough 
systems were compared. It was found that the sum of (-)-EGCG + (-)-GCG from the 
dough without any alkalinity inducing ingredients (i.e. non-alkaline dough) was 
higher than that from the normal dough. However, the sums of (-)-ECG + (-)-CG 
from both the doughs were statistically the same (Table 3.2). This confirms that the 
loss of (-)-EGCG was partly due to degradation because of higher pH, and not 
epimerization.  
 
3.3.6 Role of oxidation 
Another main reason for the loss of catechins during biscuit processing is oxidation. 
In the case of bread production, it is well known that yeast immediately assimilates 
oxygen during the mixing process, hence minimising the opportunity for oxidation of 
green tea catechins by active oxygen. In biscuits however, there is no yeast added, 




oxidation. Autoxidation with O2 at neutral pH is a slow process although it can be 
observed in beverages when they are exposed to air for extended periods of time, but 
it proceeds much more rapidly at high pH (Severino et al., 2009). Many researchers 
studied the oxidation of green tea catechins and a number of mechanisms have been 
proposed for the same. EGCG has two pyrogallol groups, and various investigations 
e.g. Severino et al. (2009), Mochizuki, Yamazaki, Kano, & Ikeda (2002), and 
Yoshioka et al. (1991) have concluded that the B ring is the oxidation site for alkaline 
autoxidation, and the D ring was the preferred site for oxidation by superoxide anion 
(O2-) radicals in dimethyl sulfoxide. The alkaline autoxidation of green tea catechins 
could produce four radicals, which were unstable and eventually replaced by another 
unknown radical. This indicated that the polyphenol-derived radicals underwent 
further reactions, through disproportionation to quinones and hydroquinones, thermal 
degradation, and/or reaction with other components in the tea to produce dimerized 
and polymerized products (Severino et al., 2009). One of the mechanisms proposed 
by Hou et al., (2005) was that EGCG radicals (•EGCG) were oxidised by molecular 
oxygen to form O2- and EGCG quinone, and the quinone would react with another 
molecule of EGCG to form a dimer. Dimers can be further transformed to other 
compounds, presumably polymers, in a similar manner to oxidation. Irrespective of 
the mechanism for oxidation of the catechin molecules, a gallic acid-related radical is 
a common breakdown product and hence is likely to be generated under oxidation 
conditions. Because this molecule has been reported to have both antioxidant and pro-
oxidant properties, it may contribute significantly to the free radical reaction 






3.3.7 Epimerization and degradation of green tea catechins during biscuit baking 
In addition, another possible reason responsible for the loss of tea catechins could be 
due to the epimerization and degradation during biscuit making process. Many 
researchers have reported that tea catechins can be converted to their epimers during 
tea production, brewing and storage (Zhu et al., 1997; Wang & Helliwell, 2000; Chen 
et al., 2001; Su et al., 2003). The higher the temperature and pH, the less stable are the 
tea catechins. The biscuit baking was done at 160oC for 10 min. In the case of bread, 
the actual core temperature during bread baking remained between 80 and 101oC for 
8-9 min (Wang et al., 2004). Given that both temperature and pH were higher in the 
case of biscuit baking, this would provide enough energy for epimerization to take 
place in the biscuit system. From Table 3.2 it can be seen that the amount of (-)-CG in 
the final biscuit exceeded 100% for 200 and 300 mg of GTE/100 g of flour. This 
clearly indicates that some other catechins or polyphenols were converted into (-)-CG 
during the biscuit baking process. However, the same trend was not observed between 
(-)-EGCG and (-)-GCG. This fact can be supported by a study conducted by Hou et 
al. (2005), where it was found that (-)-GCG formed from (-)-EGCG further got 
converted into other products or radicals, and thus could not even be detected.   
 
There was a slight increase in the concentration of (-)-EGCG at 4 min as compared to 
that at 2 min time for 150 and 200 mg GTE per 100 g flour. Wang & Helliwell (2000) 
noticed that due to the content of the epi-structured catechins being higher than the 
non-epi-structured catechins in a tea infusion, the degree of conversion for epi-
structured catechins was greater than that of non-epi-structured catechins. 
Consequently, the content of epistructured catechins was reduced towards the 




(2005) found that the factors driving the rates of these aforementioned equilibrium 
reactions were temperature, pH, partial pressure of oxygen, the level of antioxidants, 
the concentration of EGCG, and other components of tea drinks. It is possible that 
between 2 to 4 min. of baking, and at that particular temperature, the conversion of 
GCG to EGCG was more favourable than the reverse. It is also possible that EGCG 
could have been formed from other components (such as other catechins and 
polyphenols) in the green tea extract. One characteristic property of antioxidant 
molecules, such as polyphenols, is their ability to carry out redox cycle between 
reduced and oxidized forms. However, although this property seems to hold for 
oxidation on the B ring, in the case of the D-ring radicals of EGCG and ECG, 
oxidation is followed by structural breakdown to produce a radical that is identical to 
that derived from oxidation of gallic acid (Severino et al., 2009). The epimerization of 
EGCG to GCG is known to occur at 120oC and pH 5 to 6 (Wang et al., 2004). The 
conversion of EGCG to GCG was also observed under an anaerobic condition in a 
phosphate buffer system in the absence of superoxide dismutase (SOD) (Hou et al., 
2005). It was also reported that the thermal conversion of (-)-EGC to (-)-GC occurred 
at a rate similar to that of the formation of (-)-C from (-)-EC (Gotti, Furlanetto, 
Lanteri, Olmo, Ragaini & Cavrini, 2009).   
 
Possible interactions during dough preparation between the tea catechins and wheat 
protein should also be considered. Dong & Hoseney (1995) pointed out that there 
were reactive free thiyl radicals (GS*) initiated by the broken SS bonds in dough 
during mixing, and the free radicals were scavenged by antioxidants such as 
BHA/BHT during dough resting time. Therefore, the antioxidants increased the rate 




of free radicals. They might interact with GS* and involve in the interchange of SH-
SS reaction. Green tea catechins can easily initiate their correspondent semiquinone 
free radicals at neutral or alkaline pH, and (-)-EGCG is more pliable to the formation 
of a semiquinone free radical than (-)-ECG. Thus, with the combined effect of being 
free radical scavengers and initiators, tea catechins could interact with GS* and be 
involved in the SH-SS interchange reaction. This postulation could be supported by 
the study of Achiwa, Furuichi & Komiya (2001) who found that the quantity of SH in 
a wheat flour dough was increased largely with the addition of GTE, especially with a 
higher content (59%) of (-)-EGCG. Thus, there is a possibility of tea catechins to react 
with wheat protein by scavenging GS*, but the extent and exact mechanism of this 
interaction remain unclear and should be further studied. 
 
3.4 CONCLUSIONS 
Varying stability profiles were shown by different catechins during the biscuit making 
process. The relative stability of catechins in the biscuit system can be sequenced as (-
)-CG > (-)-GCG > (-)-ECG > (-)-EGCG. Percentages of (-)-EGCG and (-)-ECG in the 
dough and biscuit increased as the initial concentration of GTE was increased. 












MODELING THE STABILITY OF GREEN TEA CATECHINS 
EGCG AND ECG DURING THE BISCUIT MAKING PROCESS 
 
4.1 INTRODUCTION 
Stability of green tea catechins, the phytochemical product produced from tea leaf 
(Camellia sinensis), has been under study for several decades to determine their 
chemical changes during food processing. Tea catechins contained in green tea are 
higher than black tea and oolong tea because there is no fermentation process 
occurring during the manufacture of green tea (Toschi et al, 2000). During 
fermentation of black tea, polyphenol oxidase in the tea leaves catalyzes the oxidation 
of the majority of catechins into theaflavin, hence reduces its catechins content 
(Friedman et al., 2009). Scientific evidences to support the health benefits of green tea 
consumption begin to appear; hence, green tea consumption is increasing. In addition, 
green tea catechins have other pharmaceutical activities such as antihypertensive and 
hypolipidemic (Henry et al., 1984; Chan et al., 1999). 
 
Stability of green tea catechins in foods during processing is important to be 
understood to gain the optimum health benefits from them. The tea catechins could be 
easily reduced as a result of epimerization and degradation during processing. Many 
factors might affect the chemical changes of tea catechins during processing such as 
pH, temperature, oxygen availability, the presence of free radicals and metal ions, and 
also concentration of other ingredients in the food. Moreover, it is obvious that the 




products (Table 4.1).  It is known that thermal degradation and epimerization of green 
tea catechins follow pseudo first-order reaction kinetics in aqueous and bread systems 
(Wang et al., 2006; Wang et al., 2008). The stability of green tea catechins is also a 
function of the effects of pH, oxygen concentration, etc. The biscuit system is a 
complex matrix having both solid and aqueous phases, with sugar, fat, leavening 
agents and other ingredients added to it. Also the temperature, moisture and water 
activity profiles during biscuit baking are dynamic rather than static. Not only does 
this make the modeling of such a system important and necessary, but also a great 
challenge. 
 
This study was carried out to develop mathematical models so as to predict the profile 
of green tea catechins (EGCG and ECG, and their epimers) during biscuit baking. 
Degradation and epimerization reactions of EGCG and ECG were taken into 
consideration for this purpose. The temperature and moisture profiles that were 
measured at different regions in the biscuit during the baking process were utilized in 
developing the models. The developed mathematical models can provide a guideline 
for manufacturers to select the correct amount of GTE powder in the formulation for a 











Table 4.1. Green tea catechins stability in the food systems/ food products  
Food systems/ products The order of stability References 
Oil-in-water emulsions ECG = EGCG > EC > EGC 
 
ECG > EGCG > EGC 
Almajano et al., 
2007 
Huang & Frankel, 
1997 
Canola oil EGC > EGCG > EC > ECG Chen et al., 1996 
Lard EGCG > EGC > ECG > EC Madhavi et al., 
1996 
Fish oil ECG > EGCG > EGC > EC Wanasundara & 
Shahidi, 1996 
Dried Green Tea Leaves EGCG = ECG > EC > GC > EGC Friedman et al., 
2009 
Tea drinks EC = ECG > EGCG = EGC  Chen et al., 2001 
Bread GC, EC > ECG > GCG, EGCG > 
EGC 
Wang et al., 2004 
Sponge cake EGC = EGCG > ECG = EC > C Lu et al., 2010 
 
 
4.2 MATERIALS & METHODS 
4.2.1 Materials 
The materials used for biscuit sample preparation and HPLC analysis of tea catechins 
were as described in section 3.2.1. Briefly, biscuit flour (8.5% protein, 14.5% 
moisture) was obtained from Prima Ltd. (Singapore). Pure cane sugar (fine grain, 




Cooperative Ltd., Singapore) were purchased from local supermarket. ‘‘Bake King’’ 
brand baking powder, sodium bicarbonate, and ammonium bicarbonate were 
purchased from Phoon Huat & Co. P/L (Singapore). Unsalted butter (Anchor brand, 
Fonterra Ltd. New Zealand) was purchased from the local market. Green tea extract 
(Camellia sinensis) was purchased from Pure Herbal Remedies P/L (Singapore). 
Chemical standards for (-)-epigallocatechin (EGC), (-)-epigallocatechin gallate 
(EGCG), (-)-epicatechin (EC), (-)-epicatechin gallate (ECG), (+)-catechin (C), (-)-
catechin gallate (CG), (-)-gallocatechin (GC), and (-)-gallocatechin gallate (GCG) 
were purchased from Sigma Aldrich Chemical CO. (USA). Methanol (HPLC grade) 
and n-hexane 95% (HPLC grade) were purchased from Tedia Company Inc. (USA). 
Formic acid was purchased from Merck (Germany). 
 
4.2.2 Biscuit Sample Preparation 
The biscuit sample preparation was done as described in section 3.2.2. Briefly, 
biscuits were prepared with addition of 500 mg green tea extract (GTE) powder per 
100 g of flour. The baking was done at three different temperatures - 1400C, 1600C, 
and 1800C. Catechin concentrations were measured at 0, 2, 4, 6, 8, and 10 min of 
baking. Sampling points for modeling at the three baking temperatures are listed in 
Table 4.2. Temperature profiles were measured by type T thermocouples which were 
placed in the oven, and at three different places in the biscuit dough – top surface, 
bottom surface, and at the centre of the dough. Samples for moisture content analysis 
were taken from two different regions of the biscuit – outer top/bottom surfaces (more 







Table 4.2. Baking temperatures and durations for model development and validation 
Temperature (0C) Heating Duration (min) 
MODEL DEVELOPMENT 
140 0, 2, 4, 6, 8, 10 
160 0, 2, 4, 6, 8, 10 






4.2.3 Moisture Content Analysis 
Moisture content was determined according to AOAC method 925.10 (2002). Briefly, 
2 g of sample was accurately weighed to a pre-dried and cooled dish, and then heated 
in an oven for 24 hrs at 1300C. At the end of drying, the sample was immediately 
transferred to a desiccator and weighed after reaching room temperature. 
 
4.2.4 HPLC Analysis of Tea Catechins in Biscuit Samples 
All experiments were performed in triplicate. HPLC analysis of EGCG, ECG, CG, 
and GCG was carried out as described in section 3.2.3. Concentrations of catechins in 







4.2.5 Modeling of the Reaction Mechanism During Biscuit Making Process 
The first order modeling used for this study was adapted from Wang et al. (2008). 
However, the biscuit system is not the same as the bread matrix. As discussed in 
Chapter 3, in the case of biscuits, pH of the system plays a major in determining the 
stability of green tea catechins. Hence, the pH profiles were built into the first order 
model for the purpose of this study. 
 
For this study the sampling times for measuring temperature and moisture were the 
same, but they were different from those for measuring catechin concentrations. 
Therefore, the average temperature Tav used for rate constant calculation also differed. 
The equations used for modeling were as follows. 
 
Let ti denote the ith sampling time for the measurement of temperature and moisture 
content, tj denote the jth sampling time for the measurement of catechins. If ti+1 < tj, 
the time interval is taken as ∆t = ti+1 – ti and Tav can be calculated by: 
 
 = ( + )/2        (1) 
 
Let ky, k1 and k2 denote the rate constants of degradation, epimerization from EGCG 
to GCG and epimerization from GCG to EGCG, respectively. As shown in Wang et 
al. (2006), the rate constant of degradation (ky) is similar between the pair catechins, 
i.e. ky,EGCG ≈ ky,GCG. Changes of catechin concentrations can therefore be described by: 
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Where ky is defined as –  
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      (5) 
 
where y is the concentration of EGCG or ECG and z is the concentration of their 
epimers GCG or CG, respectively. y' and z' are the rate of change of y and z, 
respectively, and [y + z]' is the rate of change of total catechins, i.e. [EGCG + GCG] 
or [ECG + CG]. Assuming that the amount of total solids (S) remained constant in the 
dough during baking while the moisture content (MH2O) and temperature profile 
varied with time, mathematical models for the concentrations of EGCG, ECG, GCG, 
CG and total catechins [EGCG + GCG] and [ECG + CG] at the sampling time ti+1 can 
be revised to: 
 
 = ( +	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 = ( +	 ′∆%) 	× (' + ()*,)/(' + ()*,)   (7) 
 +  = ([ + ] +	[ + ]′∆%) 	× (' + ()*,)/(' + ()*,) (8) 
 
where  ′,  ′ and [ + ]′ are described by Eqs. (2) – (4), respectively. If % < %, < %, 
the time interval is taken as ∆% = %, – %. Temperature Tj is estimated by:  
 





The moisture content at %, is estimated by: 
 
()*,, = ()*, + ([()*, −()*,]/(% − %))∆%   (10) 
 
Thus the average temperature for calculating the rate constants becomes: 
 
 = (, + )/2        (11) 
 
The concentrations of individual and total tea catechins at the sampling time %, can 
then be modelled by: 
 
, = ( +	 ′∆%) 	× (' + ()*,)/(' + ()*,)    (12) 
, = ( +	 ′∆%) 	× (' + ()*,)/(' + ()*,)    (13) 
[ + ], = ([ + ] +	[ + ]′∆%) 	× (' + ()*,)/(' + ()*,) (14) 
 
The above models account for not only the simultaneous degradation and 
epimerization of tea catechins, but also the effects of accompanying changes in the 
moisture and temperature profiles during baking. Matlab software was used to 
calculate the reaction kinetic parameters through a non-linear optimization procedure. 
The Marquardt–Levenberg method was used to minimize the mean squared error 
(MSE) between the experimental and modeled values, i.e. 
 





where C is catechin concentration, m is observation number and n is total number of 
observations. The superscript ‘‘Mod” indicates modeled value and ‘‘Exp” indicates 
experimental value. Root mean squared error (RMSE) between the experimental 
values and modeled values was taken as a measure of the model quality. 
 
4.3. RESULTS & DISCUSSION 
4.3.1 Temperature Profiles of Biscuit during Baking 
The temperature profiles monitored in the baking oven and at different positions in 
the biscuit are shown in Figure 4.1. Due to the nature of the baking oven control 
system, the oven temperature constantly fluctuated within a range of approximately 
200C. It can be seen that the temperature at the biscuit centre was relatively lower than 
the top and bottom surfaces even at the end of the 10 min biscuit baking. The bottom 
temperature increased quickly whereas the top and centre temperature increased much 
slowly. As a result, the partial water vapour pressure at the surface was higher than 
that at the centre. To reduce the pressure difference, water vapour moved towards the 
centre. Due to the low temperature at the centre, water vapour was condensed 
(Thorvaldsson & Janestad, 1999). When the temperature approached 1000C, 
evaporation became stronger. Because a greater portion of energy at the biscuit 
surface was used for evaporation, the rate of temperature rise decreased. The 
evaporation-condensation is considered as the governing heat transfer mechanism 
responsible for rising temperature in many food matrices (Ameur, Mathieu, Lalanne, 
Trystram, & Birlouez-Aragon, 2007). At lower water content, water is held tightly by 







Figure 4.1. Temperature profiles during baking. (A) oven; (B) biscuit centre; (C) 
bottom surface; (D) top surface 
 
4.3.2 Moisture Profiles of Biscuits during Baking 
Biscuits have a very low moisture content. The majority of the moisture lies in a thin 

























































































































































product are nearly dry. The typical initial moisture content of biscuit dough ranges 
from about 11–30%, comprising both water added at the dough mixing stage and 
water naturally occurring in the ingredients. Thermal processing reduces the final 
moisture content to 1–5% in the final product (Mamat et al., 2010). The average 
moisture profiles of the biscuit samples at the designated baking temperatures are as 
shown in Figure 4.2.  
 
As can be seen the moisture content decreased with increasing baking 
time/temperature. The initial moisture content of the dough was 20% and that of the 
biscuit after baking ranged from 1% - 10% for the three baking temperatures. The 
high R2 values (>0.98) suggested that there was probably an exponential relationship 
between baking time and the moisture content of dough and biscuit samples.  
 
 
































4.3.3 HPLC Analysis of Tea Catechins 
As can be seen from Figure 4.3, the concentration of catechins EGCG and ECG 
decreased as baking progressed. The concentration of EGCG decreased from ca. 80 
mg/kg dough before baking to ca. 20 mg/kg dough at the end of the baking process. 
Similarly the concentration of ECG decreased from ca. 30 mg/kg dough before baking 




Figure 4.3. Stability curves for (A) ECG; (B) EGCG; (C) CG; (D) GCG during 







































































































































temperatures. Their corresponding epimers CG and GCG exhibited an inverted ‘U’ 
shaped curve. It can be seen that the concentration of CG increased till about 6 min of 
baking and then started to decrease for the rest of the baking cycle. This proves that 
epimerisation was the dominant reaction mechanism for the first 6 min. of baking, 
where ECG was getting converted into CG, hence the concentration of CG was seen 
to increase during this time. After 6 min of baking however, as the temperature of the 
system increased, degradation took over as the dominant reaction mechanism and the 
concentration of CG was seen to decrease. GCG also followed the same overall trend 
as CG, the only difference being that the concentration of GCG decreased during the 
first 2 min of baking. This was probably due to the drastic rise in pH during the initial 
phase of baking (Figure 4.4). The leavening agents present in the dough reacted 
during the first 2 min of baking and released carbon dioxide resulting in an increase in 
the pH of the biscuit. It is well known that catechins are unstable at high pH values. 
This could explain the initial drop in the concentrations of GCG and EGCG during 
baking. This showed that EGCG and GCG were much more sensitive to a change in 
pH in the system than ECG and CG.  
 
4.3.4 Reaction Kinetics of Degradation of Tea Catechins 
It has been shown previously (Wang et al., 2006; Wang et al., 2008) that degradations 
and epimerization of EGCG and GCG followed pseudo first-order kinetics in aqueous 
systems and bread matrix respectively, and the rate constant (k) complied with 
Arrhenius equation. The concentration of total catechins can be estimated according 





Figure 4.4. pH profiles of biscuits at three different baking temperatures 
 
Meanwhile the frequency factor (A) was obtained by applying a non-linear 
optimisation procedure with constraints to the experimental data under the three 
designated baking temperatures using Matlab software, based on minimizing the MSE 
between modeled and experimental values (i.e. Eq. (14)). As shown previously, the 
pH profile was incorporated to be part of the frequency factor (A = A0 +A1*pH). The 
retentions of total catechins [EGCG+GCG] and [ECG+CG] in the biscuit are shown 
in Figure 4.5. The frequency factors for the degradation of [EGCG+GCG] and 
[ECG+CG] were [3.25 × 103, -3.44 x 102] and [-7.59 × 104, 1.14 x 104] respectively 
(Table 4.3). 
 
y = -0.03x2 + 0.31x + 8.40
R² = 0.84
y = -0.03x2 + 0.28x + 8.42
R² = 0.75





























Figure 4.5. Retention of total catechins (mg/Kg dough): [EGCG+GCG] at (A) 1400C; 
(B) 1600C; (C) 1800C and [ECG+CG] at (D) 1400C; (E) 1600C; (F) 1800C 
 
Catechin stability decreased with increasing baking temperature. This proves that 
catechin stability is highly dependent on temperature. It can be seen that 
[EGCG+GCG] degraded very rapidly for the first 2 minutes, followed by a slower 
rate of degradation. This can be explained by the rapidly changing pH of the biscuit 
dough during the early stages of baking. Presumably the leavening agents would be 
getting used up during the first few minutes of baking resulting in drastic pH changes 
in the biscuit dough during that time. It is clear from the models, that the pH 
dependence of [EGCG+GCG] is much higher than that of [ECG+CG]. The latter 
showed much better model quality than the former. Overall, it can be said that the 
degradation of catechins followed pseudo first-order kinetics in the biscuit matrix and 
the rate constant ky complied with Arrhenius equation and was similar between pair 
catechins. 
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Wang et al. (2006) found that the frequency factors (A) for the degradation of 
catechins in aqueous system were 0.96 x 103 and 0.41 x 103 for [EGCG + GCG] and 
[ECG + CG] respectively.  Wang et al. (2008) found that the frequency factor for the 
degradation of [EGCG+GCG] in the bread matrix was 2.48 x 103. Unlike the aqueous 
and the bread systems, the biscuit system was highly dependent on pH during baking. 
Hence to account for that, the pH profile was incorporated into the frequency factor 
calculations, resulting in a variable frequency factor (consisting of 2 constants, A0 
and A1), as opposed to a constant value in the case of the aqueous and bread systems 
(Table 4.3).  
 
Table 4.3. Summary of activation energies and frequency factors for the degradations 
and epimerization of tea catechins 
Catechins Activation energy, Ea 
(kJ/mol) 
Frequency factor, A 
A: degradations of total catechins 
  A0 A1 
[EGCG+GCG] 19.78 3.25 × 103 -3.44 x 102 
[ECG+CG] 41.58 -7.59 × 104 1.14 x 104 
B: epimerization of catechins 
EGCG to GCG 107.59 9.95 × 1012 
GCG to EGCG 74.40 4.13 × 107 
ECG to CG 119.25 1.07 × 1010 






4.3.5 Reaction Kinetics of Epimerization of Tea Catechins 
Figures 4.6 and 4.7 show the profiles of individual catechins ECG and CG, and 
EGCG and GCG respectively in the biscuit. It can be seen that ECG and EGCG 
decreased while their epimers CG and GCG increased respectively with baking time. 
The frequency factors obtained for epimerisation from ECG to CG and the 
epimerisation from CG to ECG were 1.07×1010 and 1.02×105, respectively. Similarly, 
the frequency factors obtained for epimerisation from EGCG to GCG and the 
epimerisation from GCG to EGCG were 9.95×1012 and 4.13×107, respectively. 
 
 
Figure 4.6. Stability profiles of ECG at (A) 1400C; (B) 1600C; (C) 1800C; and CG at 
(D) 1400C; (E) 1600C; (F) 1800C 
 
It was observed that the frequency factor of the epimerization from EGCG to GCG 
and the epimerization from ECG to CG, was much greater than that from GCG to 
EGCG and from CG to ECG, respectively. This observation is in agreement with 
Wang et al. (2006) and Wang et al. (2008) because CG and GCG in 2.3-trans form 
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have smaller steric hindrance than ECG and EGCG in 2.3-cis form (Guo et al., 1999; 
Wang & Helliwell, 2000), likely exhibiting lower rates of collisions during the baking 
process. 
 
Figure 4.7. Stability profiles of EGCG at (A) 1400C; (B) 1600C; (C) 1800C; and GCG 
at (D) 1400C; (E) 1600C; (F) 1800C 
 
The good correlation between the modelled and experimental values for epimerisation 
between ECG and CG validates the assumptions that the activation energy of 
epimerization remained unchanged in the biscuit system and the epimerization of tea 
catechins follow pseudo first-order kinetics. The low values of the activation energy 
for the epimerization of EGCG to GCG and the epimerization of GCG to EGCG can 
be explained as being due to the high rate of degradation during the early stages of 
baking, presumably due to the combined effects of pH and temperature. The impact of 
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the dynamic change of pH during baking will need to be further studied to fully 
understand the kinetics of epimerization of EGCG and GCG.  
 
4.3.6 Model Validation 
Although most of the developed models showed good agreements with the 
experimental results at the three baking temperatures, validation of the models is 
necessary in order to exclude the possibility that the models might be over-fitted to 
the experimental values. Baking conditions at 1400C/7 min, 1600C/7 min, and 
1800C/7 min (Table 4.2) were chosen for the validation of the models. The modeled 
and experimental results are presented in Figure 4.8. The red coloured data points 
represent the data points for degradation of [EGCG + GCG] and the epimerisation of 
EGCG to GCG. The deviation of these data points from the others was understandable 
as EGCG was more sensitive to changes in pH than ECG.  
 
Despite the differences stated above, as can be seen from the graph, the RMSE value 
for the developed models was 4.70 and the R2 value was 0.81. These results clearly 
suggest that the modelled values for the epimerisation of EGCG and GCG in biscuit 
making at the three temperatures were not completely in agreement with the 
experimental values, indicating that the developed models could further be improved 
by incorporating pH profiles into the epimerisation process. On the other hand the 
models for degradation of [EGCG+GCG] and [ECG+CG], and the models for 
epimerisation of ECG and CG showed good correlations with experimental data, 






Figure 4.8. Model validation of the profile of catechins during biscuit baking. 
 
4.4. CONCLUSIONS 
Mathematical models for the profile of tea catechins during the biscuit making 
process were successfully developed. The models accounted not only for the 
simultaneous degradation and epimerization of tea catechins but also the dynamic 
changes in temperature and moisture profiles during the baking. It was found that the 
degradation and epimerization of tea catechins followed pseudo first-order kinetics. 
The rate constant complied with Arrhenius equation. 
 
An exponential relationship was observed between baking time and the moisture 
content of dough and biscuit samples. The frequency factors for the degradation of 
[EGCG+GCG] and [ECG+CG] were [3.25 × 103, -3.44 x 102] and [-7.59 × 104, 1.14 x 
104] respectively. Higher frequency factors were found for the epimerization of epi- 


































than that from non epi- structured catechins to epi- structured catechins. pH 
dependence played a major role in the degradation models for [EGCG+GCG] and 
[ECG+CG]. The impact of the dynamic change of pH during baking will need to be 
further studied to fully understand the kinetics of epimerization of EGCG and GCG. 
The developed mathematical models can provide a guideline for manufacturers to 
select the correct amount of GTE powder in the formulation for a desired 






















Capability of Green Tea Catechins to Counteract Lipid 
Oxidation and Increase Shelf Life of Biscuits 
 
5.1 INTRODUCTION 
The oxidation of lipids plays a significant role in food systems because it results in 
several undesirable changes to food. Lipid oxidation (oxidative rancidity) leads to the 
development of off-flavours, reduction in shelf life and nutritional quality and affects 
the organoleptic properties of food (appearance, colour, texture). Oxidation also 
results in economic losses and produces harmful compounds that pose health risks to 
consumers (Gramza & Korczak, 2005). Foods that contain a high level of unsaturated 
fat are more susceptible to lipid oxidation because of the presence of double bonds. 
  
There are several ways to retard lipid oxidation in foods. The rate of lipid oxidation in 
foods depends on several factors, such as fatty acid composition, amount of 
unsaturated fatty acids, double bond position as well as the processing and storage 
conditions (e.g. temperature, light, oxygen, metal ions, antioxidants) (Taub & Singh, 
1998). Thus, by controlling these factors, lipid oxidation can be reduced and the shelf 
life of foods can be extended. One of the ways to decelerate the lipid oxidation 
process in foods is by the addition of antioxidants that scavenge free radicals and 
chelate metal ions (e.g. iron and copper) (Almajano, Carbó, Jiménez & Gordon, 
2008). Although synthetic antioxidants such as 3-tertbutyl-4-methoxyphenol 
(butylated hydroxyl anisole (BHA)), 2,6-di-tert-butyl-4-methylphenol (butylated 




can be used, their use in foods is limited due to toxicity concerns (Byrd, 2001; 
Pokorný, 1991). As a result, there have been increasing interests in isolating 
antioxidants from natural sources to control lipid oxidation in foods (Rababah, 
Hettiarachchy & Horax, 2004). In particular, green tea catechins have been highly 
regarded as an excellent source of antioxidants (Koo & Cho, 2004).  
 
Biscuits are one of the most popular and widely consumed bakery products because of 
their long shelf life due to low moisture content and consumer demands for ready-to-
eat foods. Biscuits are primarily made of wheat flour, sugar and a relatively high 
proportion of fat. Fat is an important ingredient in biscuits as it contributes to the 
texture, mouthfeel and flavour of biscuits by promoting tenderness and moistness. 
With consumers becoming more health conscious, there is a trend towards the use of 
vegetable oils in biscuits as vegetable oils contain higher amounts of unsaturated fatty 
acids which are associated with health benefits. However, as unsaturated fats are 
prone to oxidation, the shelf life of biscuits also depends very much on the oxidative 
stability of fat. Much emphasis is placed on the keeping quality of biscuits, since these 
products are widely used and often stored for extended periods before consumption 
(Reddy, Urooj & Kumar, 2005). The application of GTE in food products such as 
biscuits is thus highly advantageous. Catechins, as antioxidants in GTE can increase 
the shelf life of biscuits and enhance food safety and quality by slowing down lipid 
oxidation and the production of harmful products. This study aimed to investigate the 
effects of GTE on lipid oxidation in biscuits by measuring both the primary and 






5.2 MATERIALS & METHODS 
5.2.1 Materials  
Wheat flour (8% protein, 14% moisture) was purchased from Prima Ltd. (Singapore). 
Pure cane sugar (fine grain), sunflower oil, fine salt, Bake King brand sodium 
bicarbonate and baking powder were purchased from a NTUC Fairprice Co. Ltd. 
(Singapore). Ammonium bicarbonate was obtained from Phoon Huat & Co. Pte. Ltd. 
(Singapore). n-Hexane 95% (HPLC grade) was purchased from Tedia Co. Inc. 
(Fairfield, CA, U.S.A). Glacial acetic acid, isooctane, sodium thiosulphate, sodium 
dodecyl sulphate (SDS) and p-anisidine were purchased from Merck (Darmstadt, 
Germany). Potassium iodide was obtained from Goodrich Chemical Enterprise 
(Singapore). Starch indicator powder was purchased from BDH Chemicals Ltd. 
(Poole, United Kingdom). Green tea extract (Camellia sinensis) was obtained from 
Pure Herbal Remedies Pte. Ltd. (Singapore). The GTE used in this study contained 
about 90% tea polyphenols. 
 
5.2.2 Biscuit Sample Preparation 
Biscuits were prepared in the same way as mentioned in section 3.2.2. Sugar (90 g) 
and sunflower oil (60 g) were creamed for 2 min in a mixer. Water (57 ml) containing 
sodium and ammonium bicarbonate (1.5 and 3 g respectively), and sodium chloride (3 
g) was added to the above cream and mixed for 5 min. This was added to the mixture 
of wheat flour (300 g), GTE and baking powder (0.9 g) and mixed for 3 min at 60 rpm 
in a mixer (Globe WAG-RN20, Denmark) to form biscuit dough. GTE powder was 
added at concentrations of 0.0%, 0.2%, 0.4%, and 0.6% of flour mass, respectively. 
The dough was sheeted to a thickness of 3 mm and cut into circular shapes using a 




then baked in an oven (Eurofours MS01T04-2, France) at 160 0C for 10 min, after 
which, the biscuits were allowed to cool for 10 minutes. The biscuits were packaged 
into airtight aluminium pouches using a hot sealer (Direct Hot Sealer, Taiwan) and 
stored in an incubator at 50oC and 60oC, respectively, for 10 days. Samples were 
analysed for lipid oxidation at day 0, 3, 6 and 10 of storage, respectively. 
 
5.2.3 Fat extraction 
Fat extraction was carried out twice by heating 150 g ground biscuit powder in 300 
mL n-hexane in a water bath at 500C for 1 hour. After filtration and separation of lipid 
fraction, the solvent was removed by evaporation under reduced pressure in a rotary 
evaporator. The lipids obtained were frozen (-180C) until further use. 
 
5.2.4 Measurements of lipid oxidation 
Peroxide value, p-anisidine value, and Totox value were used to determine the 
oxidative stability of the biscuit lipids. The PV and p-AV tests were carried out 
according to the American Oil Chemists’ Society official methods Cd 8b-90 and Cd 
18-90 (AOCS, 1998), respectively. Briefly, for measuring PV, 5 g of the extracted fat 
sample was dissolved in 50 ml of 3:2 v/v acetic acid - isooctane solution. 0.5 ml of 
saturated potassium iodide was added to the above solution and allowed to rest for 
exactly 1 min., followed by the addition of 30 ml of distilled water. This was titrated 
with 0.1N sodium thiosulfate, followed by addition of 0.5 ml 10% SDS and 0.5 ml 
starch indicator solution. Titration was then continued till the blue colour disappeared. 
PV was expressed as milliequivalents peroxide/kg extracted fat (meq/kg). For the p-
AV analysis, 1 ml of the extracted fat sample was diluted to 25 ml by isooctane. 1 ml 




10 min. This was followed by absorbance measurement using a spectrophotometer at 
350 nm. p-AV was expressed as anisidine value (AnV). TV was derived as the sum of 
p-AV and twice the PV.  
 
5.2.5 Statistical analysis 
All experiments were carried out in triplicate, and the results reported are the means 
of those replicate determinations with the corresponding standard deviations. Analysis 
of variances and pairwise comparisons were examined by two-factor ANOVA test at 
95% confidence level (P < 0.05). 
 
5.3 RESULTS & DISCUSSION 
5.3.1 Effect of GTE on lipid oxidation 
PV and p-AV are the most commonly used chemical methods to measure the extent of 
lipid oxidation in most food systems. PV measures the amount of peroxides formed in 
the initial stages of lipid oxidation, while p-AV measures the secondary oxidation 
products i.e. the amount of aldehydes, primarily 2,4-dienals and 2-alkenals, formed 
from decomposition of lipid peroxides. TV takes into account both the oxidative 
history of the oil and the potential for further deterioration and illustrates the overall 
extent of lipid oxidation, as it is derived from a combination of PV & p-AV (Steele, 
2004). According to Nielsen (2003), PV above 20 meq/kg corresponded to poor 
quality of fats and oils. From the results obtained in the above mentioned study, it was 
found that PV of 20 meq/kg corresponded to p-AV of about 10 AnV. Hence, the 
critical value of TV was set at 50 beyond which the biscuits were considered 
unacceptable. However, it could also be possible that the biscuits would be 




of 50. In a study on the oxidation of extra virgin olive oil, Frankel (2010) observed 
that although the maximum limit for PV of <20 was accepted by the EC regulations 
(EC, 1995), a sensory panel rejected the oxidized oil when the PV was <4. Since the 
sensory acceptability would vary depending on the type of oil and the food matrix it 
was in, a cut-off point for the Totox value in this study was decided based on the 
regulations as mentioned above. It was found that TV for the control biscuits reached 
a value of around 50 at the 6th day of storage at 500C (Table 5.1). It was also observed 
that the biscuits gave off a rancid odour after 10 days of storage, clearly making them 
unacceptable beyond that point. Thus, the accelerated shelf life study was carried out 
































Table 5.1. Peroxide value, p-anisidine value and Totox value of biscuit samples 





0.2% GTE 0.4% GTE 0.6% GTE 
PV (meq/kg) 
0 6.03 ± 0.67a 7.59 ± 0.72a 6.92 ± 0.51a 6.30 ± 0.57a 
3 17.64 ± 0.14b 11.98 ± 0.41c,d 12.37 ± 0.53c 9.99 ± 1.99d 
6 21.28 ± 1.18e 11.30 ± 1.16c 10.63 ± 1.14c 10.64 ± 1.14c,d 
10 50.53 ± 2.28 f 21.31 ± 1.17g 17.26 ± 2.30h 14.64 ± 1.13i 
p-AV (AnV) 
0 8.03 ± 1.70a 7.85 ± 0.73a 7.68 ± 0.16a 7.39 ± 1.45a 
3 9.15 ± 0.71a 9.66 ± 0.18a 9.75 ± 0.43a 9.39 ± 1.44a 
6 9.81 ± 1.22 a 8.45 ± 3.12a,b 8.05 ± 2.59a 7.72 ± 0.82a 
10 10.66 ± 0.50c 8.54 ± 1.30b,c 8.10 ± 1.11a,b 7.47 ± 0.85a 
TV = 2PV + p-AV 
0 20.10 ± 1.95a 23.02 ± 1.25 a 21.52 ± 0.74a 19.99 ± 1.66a 
3 44.43 ± 0.74b 33.61 ± 0.61c,d 34.48 ± 0.87c 29.36 ± 3.16d,f 
6 52.37 ± 2.06e 31.05 ± 3.53 c,f 29.31 ± 3.05f 28.99 ± 1.81f 
10 111.72 ± 3.26g 51.15 ± 2.10h 42.63 ± 3.43i 36.74 ± 1.80j 
a-j Means with the same superscript letters are not significantly different (P<0.05). 
 
Table 5.1 shows the change in PV, p-AV and TV values over time for biscuits with 
different concentrations of GTE stored at 500C. As expected, peroxide formation in 
the biscuits of all GTE concentrations increased with increasing storage time. 
However, the increase was not linear. The rate of peroxide formation was much 




GTE significantly reduced the PV as compared to the control biscuits. At the end of 
10 days of storage, biscuits stored at 500C containing 0.2%, 0.4% and 0.6% GTE were 
found to have a reduction in peroxide formation by 57.83%, 65.84% and 71.03% 
respectively. Biscuits stored at 600C showed a reduction in peroxide formation by 
18.83%, 24.24% and 27.59% respectively (Table 5.2). 
 
Table 5.2. Peroxide value, p-Anisidine value and Totox value of biscuit samples 





0.2% GTE 0.4% GTE 0.6% GTE 
PV (meq/kg) 
0 6.39 ± 0.52a 7.45 ± 0.78a 6.19 ± 0.80a 6.98 ± 0.99a 
3 35.47 ± 3.11b 25.83 ± 4.54c 24.67 ± 1.92c 14.99 ± 1.00d 
6 45.78 ± 3.39e 35.88 ± 2.03f,g 36.60 ± 2.37f 30.59 ± 6.43g 
10 113.18 ± 1.22h 91.87 ± 5.18i 85.75 ± 5.34j 81.95 ± 5.32j 
p-AV (AnV) 
0 9.52 ± 1.45a 8.54 ± 0.98a 8.86 ± 1.48a 8.46 ± 1.01a 
3 10.21 ± 1.46a 9.86 ± 0.45a 9.73 ± 0.55a 9.34 ± 2.35a 
6 8.97 ± 2.05 a 7.99 ± 1.99a 7.78 ± 1.30a 7.67 ± 0.66a 
10 10.07 ± 0.32a 9.88 ± 2.73a 10.02 ± 1.28a 8.63 ± 2.06a 
TV = 2PV + p-AV 
0 22.30 ± 1.63a 23.45 ± 1.48 a 21.23 ± 1.86a 22.43 ± 1.73a 
3 81.14 ± 4.64b 61.51 ± 6.44c 59.08 ± 2.78c 39.33 ± 2.74d 
6 100.54 ± 5.22e 79.75 ± 3.49 f,g 80.97 ± 3.59f 68.84 ± 9.11g 
10 236.44 ± 1.76h 193.62 ± 7.82i 181.52 ± 7.66j 172.52 ± 7.80j 
a-j





No significant change was observed in the p-AV for the first 6 days of incubation. 
There was an increase in the p-AV for the control biscuits at 500C on day 10 of 
storage. The rest of the biscuit samples, however, did not show any particular rise in 
the formation of secondary oxidation products. Nevertheless, biscuits with 0.6% GTE 
showed a significant reduction of 29.92% in the formation of secondary oxidation 
products compared to the control biscuits after 10 days of incubation at 50oC. Biscuits 
containing 0.2% and 0.4% GTE also showed a small decrease in the p-AV, but not 
enough to be significant after 10 days. It could be argued that a significant decrease in 
the p-AV would have been observed if the biscuits were stored for a longer duration. 
However, as mentioned previously, longer storage would compromise the eating 
quality of the biscuits as the sunflower oil was considered unacceptable beyond a TV 
of 50. A similar trend was observed for the biscuits stored at 600C. No significant 
change was observed in the p-AV with increasing storage time or with increasing 
GTE concentration. Similar results were reported by Szkudlarz, Wojtasiak, 
Obuchowsi & Gośliński (2009), who observed that there was no significant change in 
the p-AV with the addition of 0.02%, 0.1%, and 1% GTE in the lipid fraction of 
biscuits made with margarine, stored at 600C for a period of 20 days. This might be 
explained by the results reported by Huang, Frankel & German (1994) who 
mentioned that whether α-tocopherol behaved as an antioxidant or a prooxidant 
depended on the test system, the concentration, the oxidation time and method used to 
determine lipid oxidation. According to them, 100 ppm of α-tocopherol significantly 
inhibited the formation of hydroperoxides but also promoted their decomposition. 
Frankel, Huang & Aeschbach (1997) reported that tea extracts were active 




corresponding oil-in-water emulsions. It is possible that flavonoid prooxidant function 
could be a toll of their other beneficial functions. For example, epigallocatechin 
gallate promotes apoptosis and has bactericidal activity, which is attributed to its 
ability to reduce O2 to yield H2O2 (Procházková, Boušová & Wilhelmová, 2011).  
 
Totox value that describes the overall oxidation degree of fat is used as a measure of 
the precursor non-volatile carbonyls present in the lipid fraction, plus any further 
oxidation components that might have developed during storage. The TV showed an 
increasing trend with increasing storage time. Not surprisingly, the oxidation reactions 
proceeded at a much faster rate at 600C than at 500C, resulting in much higher Totox 
values for biscuits stored at the former temperature. Similar to PV, Totox values also 
did not have any significant difference between day 3 and day 6 for biscuits 
containing 0.2% and 0.4% GTE respectively. The addition of 0.2%, 0.4%, and 0.6% 
inhibited total oxidation in biscuits by 54.22%, 61.84%, and 67.11% respectively for 
biscuits stored at 500C for 10 days; and by 18.11%, 23.23%, and 27.03% respectively 
for biscuits stored at 600C for 10 days.  
 
5.3.2 Effect of storage temperature on lipid oxidation 
Lipid oxidation proceeds fairly slowly at room temperature; hence the shelf-life 
evaluation of lipid-containing bakery products such as biscuits is a time-consuming 
process that is difficult to fit to industrial needs. Accelerated shelf-life testing (ASLT) 
is a practical approach. Different accelerative factors could be employed in ASLT, 
e.g. temperature, light, moisture. Generally, temperature is the most critical 
environmental factor affecting chemical and biochemical reaction rates; this 




1977; Labuza & Schmidt, 1985). Hence, by measuring the rate of quality index 
changes at different temperatures, the reaction rate at a desired temperature can be 
extrapolated by the application of the well-known Arrhenius equation (Calligaris, 
Manzocco, Kravina & Nicoli, 2007), one form of which is: 
 





−	 F@A  (1) 
 
where k2 and k1 are rate constants at temperatures T2 and T1, respectively; Ea is the 
activation energy; and R is the ideal gas constant. 
 
An accelerated shelf life study was carried out to determine the effect of GTE on the 
shelf life of biscuits. The shelf life of biscuits is defined as the period in which the 
biscuits retain an acceptable level of eating quality from a safety and organoleptic 
viewpoint (Galic, Curic, & Gabric, 2009). Lipid oxidation process in terms of TV 






where [Q] is the quality attribute, i.e. TV in this case. k is the rate constant and n is 
the order of reaction. 
 
From the plots of ln[TV]/[TV]0 against storage time as shown in Figure 5.1, it could 
be seen that lipid oxidation in biscuits approximately followed a first order reaction 
i.e. the rate of lipid oxidation was dependent on the concentration of peroxides and 






GI = [TV]  (3) 
 
Assuming that [TV]0 represents the initial TV at the start of reaction and [TV] is the 
TV obtained at time t, the solution of Equation 3 is:  
 
ln [FQ][FQ]R = % (4) 
 
From the above equation, the rate constant k was obtained from the best fitted lines 
(Figure 5.1).  
 
  
Figure 5.1. Plots of ln[TV]/[TV]0 vs. storage time for biscuits containing GTE 



























































































Table 5.3 shows the changes in reaction rate constant k and activation energy Ea 
values with respect to GTE concentration and temperature. It was observed that the 
rate constant k decreased with the addition of GTE in biscuit, and that the k value was 
much higher at 600C than that at 500C. This was expected as it confirmed that the 
lipid oxidation reaction proceeded at a much faster rate at a higher temperature. The 
activation energy was observed to increase with increasing GTE concentrations. This 
was consistent with Frankel (1993) who stated that addition of antioxidants would 
increase the activation energy of lipid oxidation as antioxidants lower the rates of 
oxidation by increasing the overall energy of activation. Using Equation 1, the shelf 
life of biscuits under ambient storage conditions of 300C was predicted and shown in 
Table 5.4. It was clear that GTE had a significant effect in increasing the shelf life of 
biscuits by retarding lipid oxidation. The addition of 0.2% GTE increased the shelf 
life of biscuits by approximately 7 times, and an addition of 0.6% GTE increased the 
same by about 20 times. This study provides a useful guideline for biscuit 
manufacturers who wish to incorporate GTE as a functional ingredient that has health 












Table 5.3. Effect of GTE concentration and storage temperature on rate constant (k) 
and activation energy (Ea).  
GTE concentration 




0% (Control) 0.164 0.2551 39.543 
0.2% 0.0827 0.226 89.982 
0.4% 0.0683 0.2214 105.264 
0.6% 0.0542 0.2027 118.067 
 
Table 5.4. Effect of GTE on the predicted shelf life of biscuits under ambient storage 
conditions of 300C 
GTE concentration Rate constant, k Shelf life at 30
0
C (days) 
0% (Control) 0.0621 13.4 
0.2% 0.0091 91.7 
0.4% 0.0051 161.6 




The addition of GTE was able to significantly reduce the peroxide value and Totox 
value as compared to the control biscuits. At the end of 10 days of storage, biscuits 
stored at 500C containing 0.2%, 0.4% and 0.6% GTE were found to have a reduction 
in peroxide formation by 57.83%, 65.84% and 71.03% respectively. Similarly, 
biscuits stored at 600C showed a reduction in peroxide formation by 18.83%, 24.24% 
and 27.59% respectively. GTE was not as effective in inhibiting the formation of 
secondary oxidation products. Although biscuits containing 0.6% GTE showed a 




10 days of incubation at 500C, the rest of biscuit samples did not show any significant 
change in the p-AV as compared to the control biscuits. The addition of 0.2%, 0.4%, 
and 0.6% inhibited total oxidation in biscuits by 54.22%, 61.84%, and 67.11% 
respectively for biscuits stored at 500C for 10 days; and by 18.11%, 23.23%, and 
27.03% respectively for biscuits stored at 600C for 10 days. The accelerated shelf life 
study revealed that lipid oxidation in biscuits followed a first order reaction. The 
addition of 0.2%, 0.4% and 0.6% GTE was able to increase the shelf life of biscuits 
by approximately 7, 12 and 20 times respectively, with respect to the control. This 
study can serve as a guideline for biscuit manufacturers with regards to the level of 



















INFLUENCE OF GREEN TEA EXTRACT ON BISCUITS AND 
BISCUIT DOUGH 




Today’s consumers are demanding foods which display two main characteristics: the 
first is the traditional nutritional aspect of the food; the second is that additional health 
benefits are expected from its regular ingestion (Aparicio-Sanguilán, Sáyago-Avendi, 
Vargas-Torres, Tovar, Ascensio-Otero & Bello-Pérez, 2007). The 2011 Food & 
Health Survey found that healthfulness was the third most important factor (after taste 
and price) in deciding whether to buy certain foods and beverages (2011 Food & 
Health Survey, International Food Information Council Foundation). This shows that 
the consumers today are becoming more health conscious of what they eat and are 
demanding more healthy food. This will have an impact on the new product 
development of snacks as manufacturers aim to produce snacks with functional 
ingredients and health benefits while not compromising on taste. 
 
Biscuit has a complex network of flour, sugar, water and fats, and each ingredient 
performs important functions in determining the properties of biscuit dough and 
biscuit texture (Maache-Rezzoug, Bouvier, Allaf, & Patras, 1998). The quality of 
biscuits is influenced by several factors like quality and level of ingredients used, and 




of the biscuits (Manohar & Rao, 2002). It has been shown that tea catechins are 
relatively stable in biscuits (Chapter 3), thus making the application feasible. 
However, GTE could not just be added to biscuit dough without considering its effect 
on the taste and texture of biscuits - properties that are vital in consumer acceptance. 
The addition of GTE changes the composition of the dough. This possibly affects 
production by changing the dough rheology, which in turn affects consumer 
acceptance by changing the biscuit texture. Therefore, it is important to investigate the 
effect of GTE on biscuit quality to provide potential manufacturers guidelines on the 
feasible level of GTE application in biscuits. This research aimed at studying the 
effect of GTE on the various physical, textural, and sensory properties of biscuit 
dough and biscuit. 
 
6.2 MATERIALS & METHODS 
6.2.1 Materials 
Plain flour (Fairy brand, 14% moisture, 8% protein) was purchased from Prima Ltd. 
(Singapore). Fine grain pure cane sugar (Fairprice brand) and fine salt (Fairprice 
brand) were purchased from NTUC Fairprice Co. Ltd. (Singapore). Anchor brand 
unsalted butter (Fonterra Co. Ltd., Auckland, New Zealand), Bake King brand sodium 
bicarbonate and baking powder (Gim Hin Lee Pte. Ltd., Singapore) were purchased 
from the local supermarket. Ammonium bicarbonate (Red Man brand) was purchased 
from Phoon Huat and Co. Pte. Ltd. (Singapore). Green tea extract (Camellia sinensis) 
was obtained from Pure Herbal Remedies Pte. Ltd. (Singapore). The GTE used in this 






6.2.2 Biscuit Sample Preparation 
Biscuits were prepared using the method discussed in section 3.2.2. Briefly, sugar (90 
g) and butter (60 g) were creamed for 2 min in a mixer (Braun MR430, Spain). Water 
(57 ml) containing sodium and ammonium bicarbonate (1.5 and 3 g respectively), and 
sodium chloride (3 g) was added to the above cream and mixed for 5 min. This was 
added to the mixture of wheat flour (300 g), GTE and baking powder (0.9 g) and 
mixed for 3 min at 60 rpm in a mixer (Globe WAG-RN20, Denmark). GTE powder 
was added at concentrations of 0.0%, 0.2%, 0.4%, 0.6% and 0.8% of flour mass, later 
referred to as control, GTE2, GTE4, GTE6 and GTE8 respectively. The dough was 
sheeted to a thickness of 3 mm and cut into circular shapes using a 65 mm diameter 
cutter and placed on an aluminium mesh tray. They were then baked in an oven 
(Eurofours MS01T04-2, France) at 160 0C for 10 min and allowed to cool for 10 min 
on one side and subsequently 5 min on the opposite side and then used immediately 
within the next hour for instrumental analysis, or packed in zip-locked plastic bags 
and used within a week for sensory analysis.  
 
6.2.3 Measurements of Biscuit Dough Properties 
A texture analyser (Stable Micro System TA-XT2i, UK) was used in the texture 
analysis of dough and biscuit. Dough stickiness and cohesiveness were measured 
using the Chen-Hoseney cell with a 25 mm diameter perspex cylinder probe (P/25P). 
The parameters used were according to a modified method from Chen & Hoseney 
(1995). A small amount of dough was inserted into the SMS/Chen‐Hoseney dough 
stickiness cell (A/DSC) immediately after mixing, and extruded to a height of about 1 
mm. It was compressed by the probe with a speed of 0.5 mm/s until a 40 g trigger 




control and each GTE concentration, 18 replicates from 3 independent batches of 
dough were performed. 
 
Dough rheology was examined in a Brabendeer® Farinograph-E (Brabender, 
Germany). Flour (ca. 50 gm) and water (appropriate 52%) were added into the 
farinograph. The mixing temperature was at 300C and the mixing speed was at 100 
rpm. Dough was mixed until a standard index of 500 FU (farinogram unit) was 
reached, upon which dough characteristics could be examined. GTE was added at 
levels of 0.1, 0.2, 0.3, 0.5, 0.7, and 1% of flour. Quality attributes including water 
absorption, development time, stability, tolerance index and time to breakdown were 
collected and compared. 
 
6.2.4 Measurements of Biscuit Texture 
6.2.4.1 Hardness 
Three-point bending test was used to measure the hardness of the samples using a 
span length of 50 mm and crosshead speed of 1 mm/s. The maximum force (F) at the 
point of breaking was recorded. Equation (1) was then used to calculate the fracture 
stress, TU	(VWB) of a sample of rectangular section:  
 
TU(X) = DYZ3[?     (1)   
 
where F is the force (N), L the span length (m), d the width of the biscuit (m) and b 
the thickness (m) (Baltsavias, Jurgens & VanVliet, 1997). For control and each GTE 






The fracturability of the biscuit was measured using the texture analyser by 
penetration with a 2 mm cylinder probe (P/2), up to a distance of 2 mm. The 
penetration speed was 0.5 mm/s. Fracturability was represented by the curve distance, 
with units of kg (Arimi et al., 2010). For control and each GTE concentration, 36 
replicates from 3 batches were performed. 
 
6.2.4.3 Stickiness 
Biscuit stickiness was measured by first creating a biscuit bolus, then measuring the 
stickiness of the bolus using the Chen-Hoseney cell, as described below. This best 
represented the chewing and formation of bolus in the mouth and the stickiness effect 
on teeth. Biscuits were ground and sieved (1 mm pore size), and then mixed with 
distilled water at a ratio of 2:1. Mixing was done at 160 rpm for 2 minutes at 37°C in 
a Rapid Visco Analyzer (RVA 4 Newport Scientific, Australia). Stickiness of bolus 
was measured in the same way as dough stickiness (Section 6.2.3). For control and 
each GTE concentration, 36 replicates from 3 batches were performed. 
 
6.2.5 Measurement of Biscuit Colour 
Biscuit colour was measured using a spectrophotometer with standard illuminant D65 
(Minolta CM3500d, Japan) and expressed as the L*a*b* values, where L* represents 
whiteness (value 100) or blackness (value 0), a* represents red (+a) or green (-a), and 
b* represents yellow (+b) or blue (-b). For each biscuit, the colour was measured at 3 




and each GTE concentration, six biscuits were measured for each batch, and a total of 
3 batches were performed. 
 
6.2.6 Measurement of Biscuit Physical Properties 
The thickness of each biscuit was measured with a micrometer screw (Mitutoyo IP-
54, Japan) at 4 points on the biscuit. The quadruplicate diameter of each biscuit was 
measured using a vernier calliper (Mitutoyo CD-6”BS, Japan). For each batch, the 
volume of three biscuits was measured twice using the rapeseed displacement method 
(Approved Method 10-05, AACC 2000), producing 6 measurement data. For every 
formulation, 3 batches of biscuits were measured in total. The density of the biscuit, 





    (2) 
   
Where mB is the mass of biscuits (g), mfS the mass of the full container containing 
only seeds (g), mc the mass of the empty container (g), V the volume of the container 
(g) and mfB the mass of the full container containing biscuits and seeds. 
 
6.2.7 Experimental Design of Sensory Evaluation  
Sensory evaluation was performed using a method modified from that in Wang, Zhou 
& Isabelle (2007). Five attributes of biscuit, i.e. hardness, fracturability, stickiness, 
astringency and brightness were selected from a standard lexicon of terms for biscuits 
(Meilgaard, Civille & Carr, 1999). Twenty-eight people participated in the initial 




ability. Twenty-one panellists were selected initially based on their ability and 
interest. Reference products for each attribute were chosen by the panel leader and 
unanimously agreed to by the panel. The reference products were placed at 0, 3.3, 6.7 
and 10 of the line scale (0-10) as intensity anchors.  
 
The panellists were trained for a period of 4 weeks. During the training, the panellists 
were asked to judge the intensity of a variety of food products that showed gradient 
intensities for each property. 10 to 14 panellists were selected for the final test based 
on their performance and ability to differentiate the products and judge their intensity. 
Triplicate testing was performed under light masked conditions for all attributes, 
except for brightness of the biscuit, which was performed under normal light. Samples 
were put into aluminium pouches and red lighting was used. This eliminated bias due 
to the colour of the biscuit. Each attribute was judged for 5 samples at one time. The 
attributes were judged in the following order: hardness, fracturability, stickiness, 
astringency and then brightness under normal lighting. Plain water was used to rinse 
mouth between samples and white bread purchased from a local supermarket was 
used to clear the mouth and palate for attributes such as stickiness and astringency. 
The reference products used as the anchors during the training were presented to the 
panellists throughout the test sessions serving as a reminder of the anchors. All 
sensory sessions were performed in individual booths with the FIZZ sensory software 
(Biosystèmes, France). Samples were assigned random 3-digit codes and sample 
presentation order was randomised. In the second part of the sensory evaluation, 37 
panellists participated in the untrained sensory evaluation sessions. The evaluation 




setting. The same attributes and line scale were used, but the anchor reference 
products were verbally described to the panellists instead of being presented to them.  
 
6.2.8 Statistical Analysis 
Instrumental results were analysed by single factor ANOVA using SPSS (IBM, 
USA). Duncan test was carried out at a significance level of 0.05 to determine any 
significant differences among samples. The sensory results from untrained panellists 
were analysed using 2-way ANOVA (sample and panellist), while sensory results 
from trained panellists were analysed using 3-way ANOVA (sample, panellist and 
sensory evaluation session). Fischer’s Least Significant Difference (LSD) test was 
performed at a significance level of 0.05 to determine if any significant differences 
existed and if they were due to the samples, panellists or different sessions of sensory 
evaluation. 
 
6.3 RESULTS & DISCUSSION 
6.3.1 Effect of GTE on Dough Morphology and Rheology 
The ability of a cohesive dough being formed during mixing decreased with 
increasing GTE concentrations as shown by the morphology of the dough obtained 
after 3 mins of mixing (Figure 6.1). Less cohesive dough was obtained as the number 
of dough lumps increased and the size of each lump decreased with increasing GTE 
concentration. There was not much change for GTE2 and GTE4 as compared to 
control dough, however, a significant drop in dough quality was observed for GTE6 
dough. In GTE8 dough, the number of lumps was so large that they resembled the 
crumbs of improperly kneaded dough. Furthermore, it was observed that the amount 




result, the degree of dough stuck to the mixer blade, mixer and to itself significantly 
decreased, thus forming multiple lumps.This affected the machinability of the dough 
as it could not be well mixed. Thus the decrease in stickiness and cohesiveness of the 
dough were mainly responsible for the decrease in dough quality, as all doughs were 
mixed to the desired development time. 
 
Dough Morphology and Rheology Using Texture Analyser 
Firstly, Texture Profile Analysis (TPA) was employed to measure the stickiness and 
cohesiveness of dough instrumentally, however, the results (not shown here) showed 
little differences between samples with different concentrations of GTE, and no clear 
trend was observed. These observations were due to the fact that stickiness and 
cohesiveness were two properties that could be intermingled with each other due to 
the viscoelastic  
 
Figure 6.1. Dough morphology after 3 minutes of mixing: Control (A), GTE2 (B), 
GTE4 (C), GTE6 (D) and GTE8 (E). 






nature of dough and changing one property would affect the detection of the other 
(Chen & Hoseney, 1995). For example, given the same adhesive force, a stronger 
dough (i.e. higher cohesiveness) would appear to be more sticky, as the internal forces 
of the dough would inhibit elongation of the dough during pulling away of the probe. 
Therefore, it was likely that since both cohesiveness and stickiness of the dough 
containing GTE were changing, little or no trend was observed. The Chen-Hoseney 
method was then developed as an improvement to the TPA method in order to 
separate the two properties of adhesiveness and cohesiveness. To achieve this, a non-
sticky perspex probe was used, the dough was affixed and extruded from a cell, and 
the probe speed during withdrawal was maximum (Chen & Hoseney, 1995). This 
prevented the deformation of the dough during compression and pulling away of the 
probe to a large extent. Thus the force measured was largely due to the degree of 
cohesion between the probe and the dough. This method proved to give more 
consistent results with a visible trend for both stickiness and cohesiveness of the 
dough. 
 
It was observed that as the GTE concentration increased, there was a significant 
reduction in the dough stickiness as well as the dough cohesiveness (Figure 6.2). In 
addition, the largest decrease occurred between control and GTE2, while a smaller 







Figure 6.2. Change in dough stickiness (g) and dough cohesiveness (mm) as a result 
of increasing GTE concentration. a-d Means with the same superscript letters are not 
significantly different (P<0.05). 
 
The reason for the observed decrease in stickiness and adhesiveness caused by GTE 
addition could be explained as follows. It is well known that the stickiness of dough 
depends on the amount of water added to it. It is the surface tension of water that 
causes the dough to be sticky (Hoseney & Smewing, 1999). GTE powder is 
hygroscopic. When mixed with dough, GTE powder preferentially absorbed water, 
thus resulting in dough that had less water in its continuous phase. This resulted in a 
lower surface tension of water and decreased the dough’s stickiness and cohesiveness. 
Theoretically, tea catechins, being hygroscopic, should also increase the stickiness of 
the dough as they themselves became sticky after absorbing moisture. However, it 
was found that catechins might be included as guest molecules in amylose helices 


























































Dough Rheology Using Farinograph 
Significance of Farinograph parameters in dough rheology and biscuit quality 
Farinograph-E measures force/torque versus time during mixing of a small quantity of 
dough (50 gm of flour). The recorded torque value i.e. farinograph unit (FU) is 
proportional to the resistance as a result of dough consistency. The resistance 
increases as the dough develops, and then decreases as the dough breaks down 
(Hajselova & Alldrick, 2003). Different compositions in dough will result in different 
resistances therefore different mixing curves (Farinograms). Thus, Farinograph is 
often used to measure the mixing performance of dough as well as to predict the flour 
baking performance. 
 
The amount of water required to reach a constant dough consistency is referred to as 
water absorption capacity. After having reached its maximum value, the dough 
consistency decreases sooner or later, depending on the type of flour (strong or weak). 
Flours of various qualities produce different patterns of mixing curves. For example, 
flour suitable for bread making reaches its maximum consistency and stays there for a 
little while before slowly starting to drop, whereas flour suitable for biscuit making 
reaches its maximum consistency and falls relatively rapidly, due to the low protein 
content, hence lesser gluten formation. 
 
In addition to water absorption, the parameters usually measured by Farinograph are 
development time, stability, time to breakdown and mixing tolerance index (MTI). 
Development time is defined as the time between the start of a test (addition of water) 




consistency. Stability is defined as “the time between the first and second intersecting 
point of the upper trace of the torque curve with the consistency line”. Time to 
breakdown is measured as the time required for the curve to drop below the 500 FU 
line. Mixing tolerance index (MTI) is the difference in BU value at the top of the 
curve at peak time and the value at the top of the curve 5 minutes after the peak. This 
indicates the degree of softening during mixing (Brabender®, Germany). To produce 
a better quality dough from wheat flour, the dough must be mixed to the peak of the 
curve. Flour that resists changes with continued mixing past development time is 
considered having good mixing tolerance (Faridi & Faubion, 1990). 
 
Effect of tea catechins on dough rheology in Farinograph 
Formation of SS linkages in the gluten network is a well recognized mechanism to 
explain dough rheology. The hypothesis is based on the oxidation of the free 
glutathione from the reduced form (GSH) to its oxidised form (GSSG) via interchange 
reaction SH-SS. There has been limited information in the literature on the interaction 
of tea catechins with glutathiones in dough development. This study was carried out 
to determine the effect of varying green tea extract (GTE) concentration on protein 
binding in biscuit flour with ca. 9% protein content.  
 
Farinograms of flour dough were evaluated automatically by the built-in software 
according to AACC method (AACC-54-21), based on 500 FU of consistency and 
14% of flour moisture. The effect of GTE on dough mixing behaviour in the 
Farinograph and on quality attributes including dough stability, development time, 






Figure 6.3. Comparison of Farinograms of varying concentrations of GTE in flour. 
The curves were generated from medium lines. 
 
Water absorption, development time and time to breakdown were not really affected 
by the increase in the GTE concentration in flour. Only two parameters were seen to 
be affected. They were stability and mixing tolerance index. Stability increased as the 
concentration of GTE in flour increased.  However, MTI decreased up till 0.5% of 
GTE and then increased as the GTE concentration was increased to 0.7% and 1%. 
These results show that not much change is needed in the mixing performance of the 
























Figure 6.4. Curves for stability, water absorption, development time, tolerance index, 

















































































6.3.2 Effect of GTE on Biscuit Density and Thickness   
Due to the fact that the biscuits were hand-rolled, the thickness of the biscuit 
depended not only on the thickness of rubber spacers on the rolling pin, but also on 
the amount of pressure applied during rolling, the degree of sticking of the dough 
during rolling, and quality check after rolling. This means that the mass and thickness 
of each dough piece could vary from one to another due to human errors. The initial 
dough mass and thickness were not measured due to the difficulty in transferring the 
dough to the weighing balance. Thus, the final biscuit thickness was presented in 
terms of the mass of each biscuit, which was assumed to be representative of the 
initial thickness of the biscuit, while the diameter of the biscuit was presented as was, 
as the mould used to cut the dough was the same. 
 
Figure 6.5 shows the change in biscuit density and thickness (expressed as a ratio of 
thickness /mass (mm/g)) with increasing concentration of GTE. It was observed that 
the density increased with GTE addition. However, due to the large standard 
deviation, the increase was not significant from GTE2 to GTE8. The large standard 
deviation was due to the nature of the seed displacement method, as the degree of 
packing varied from time to time. The significant decrease of thickness/mass ratio of 
the biscuits with increasing GTE concentration indicated that GTE addition caused a 
smaller rise in the biscuits compared to the control. This could be the main cause of 






Figure 6.5. Change in biscuit density (g/cm3) and thickness/mass ratio (mm/g) with 
increasing GTE concentration. a-c Means with the same superscript letters are not 
significantly different (P<0.05). 
 
A possible reason for the changes in density and thickness observed could be due to a 
weakened gluten matrix responsible for retaining gases in baked food (Lu, Lee, Mau 
& Lin, 2010). It was found that cakes, a baked product containing similar leavening 
agents as biscuits, had smaller volumes when green tea powder was added to the 
batter. This was mainly due to the effect of cellulose on the cake network. However, it 
was possible that the catechins present in GTE could also be responsible for this 
effect. The degree of gluten network formed in the biscuit dough dropped sharply 
when GTE was added, evident from the decrease in the dough cohesiveness. The 
control biscuit dough was also observed to shrink (as a result of gluten formation) but 
no shrinking was observed in the case of dough containing GTE. It was postulated 
that catechins, being antioxidants, were involved in the SH–SS interchange reactions 



















































(Wang, Zhou, Yu & Chow, 2006), and thus further hindering the formation of a 
structured gluten network in the dough. Gluten formation is usually undesirable in 
short-dough biscuits as it leads to the shrinking of dough during forming (Cauvain & 
Young, 2008), causing the dough to be thicker and irregularly shaped. Hence, as seen 
in the case of the control biscuit, thicker dough resulted in a thicker biscuit.  
 
Another observation made from Figure 6.5 was that a large standard deviation was 
observed at GTE8. A significant increase in thickness/mass ratio was also observed 
from GTE6 and GTE8. This could be due to the uneven surface experienced from 
GTE8 biscuits and the presence of air pockets, possibly because there was improper 
mixing of dough due to the decreased dough stickiness and cohesiveness. As the 
surface of the biscuit was uneven, it was difficult to get a good average reading, thus 
resulting in a large standard deviation. Due to the nature of the instrument, it was 
more likely that the thicker part of the biscuit was measured rather than the thinner 
portion. As a result, an apparent increase in thickness was observed although denser 
biscuits were produced. 
 
6.3.3 Effect of GTE on Biscuit Hardness and Fracturability 
Hardness and fracturability are important properties in biscuits as they determine the 
level of freshness of biscuits. A loss in hardness and fracturability causes biscuits to 
be perceived as “soggy”. Hardness and fracturability are attributes in the sensory 
texture profile of biscuits (Meilgaard, Civille & Carr, 1999; Bourne, 2002), and are 
also widely measured instrumentally. Therefore, hardness and fracturability are two of 
the quality indicating properties that were measured both instrumentally and by 




fracture stress of the material, which is defined as the force required for the material 
to break. For the sensory panellists, hardness was defined as the force needed to bite 
through the sample. The instrumental fracturability was measured by the curve 
distance of the force-time graph and had a unit of kg (force). Sensorically, 
fracturability was defined as the degree the teeth could sink into the biscuit before 
breaking as well as the amount of sound produced during fracture. The penetration 
method was chosen instead of the popularly used three-point-bending test because the 
former was more representative of the experience during biting and chewing. 
Moreover, biscuits are neither elastic nor uniform, which means that the degree of 
deformation before break in a three-point-bending test would be very small, and 
largely varied. This was observed experimentally during three-point-bending tests 
(results not shown). The penetration method instead measures the number and 
strength of the solid cells in the biscuit structure. A large amount of cells that are hard 
and easy to fracture would result in a jagged curve and high fracturability, while a 
large amount of cells that can be deformed easily before breaking would result in a 
smooth curve and low fracturability. The fracturability experienced during biting and 
chewing of a biscuit involves less of the breaking of the biscuit as a whole but rather 
the disintegration of its microstructure. 
 
The three types of investigations (i.e. instrumental, trained panellists and untrained 
panellists) showed disagreements with one another in the way hardness changed with 
increasing GTE concentration. As it can be seen from Figure 6.6 (A), the hardness 
measured using the three-point-bending test increased with increasing GTE 
concentration. However, the hardness perceived by the trained panellists decreased 




panellists increased up till GTE4, then decreased from GTE4 to GTE8 (Figure 6.6 
(B)). Figure 6.7 (A) shows that there was a general decrease in the instrumentally 
measured fracturability with increasing GTE concentration. The significant drop 
occurred between GTE4 and GTE6. The fracturability rated by the trained panellists 
showed a similar trend, but there was no significant difference between the different 
fracturabilities as the values were very close to each other (Figure 6.7 (B)). With the 
untrained panellists however, the fracturability significantly increased with an 
increase in the GTE concentration until GTE6, and subsequently a significant drop in 
the fracturability was observed at GTE8. 
 
For both hardness and fracturability, there was a smaller variation in the ratings by the 
trained panellists than the untrained panellists. This was likely due to the largely 
varied perception of the two properties by the untrained panellists. The LSD results 
for hardness (not shown here) revealed that the perceived differences in the trained 
panel sessions were more significant due to the differences between samples, rather 
than the varied perception of panellists or sessions. However, the LSD results for 
fracturability (not shown here) indicated that any perceived difference was due to the 
difference in perception of the trained panellists, rather than differences in the 














Figure 6.6. Comparison of biscuit hardness between instrumental analyses and 
sensory evaluation. (A) Fracture stress (hardness) (Nm-2) obtained from three point 
bending test and (B) hardness perceived by trained (n=10) and untrained (n=37) 
sensory panellists. a-d Means with the same superscript letters within the same test are 
























































Trained panellists under colour masked condition







Figure 6.7. Comparison of biscuit fracturability between instrumental analyses and 
sensory evaluation. (A) Curve distance (fracturability) (kg) obtained from penetration 
test and (B) fracturability perceived by trained (n=10) and untrained (n=37) sensory 
panellists. a-b Means with the same superscript letters within the same test are not 
significantly different (P<0.05). 
 
A number of studies investigating the hardness of baked products such as cakes and 
bread with the addition of green tea powder and GTE respectively showed largely 
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increase in biscuit hardness (Bajaj et al., 2006).The application of green tea powder 
into cakes and GTE into bread also resulted in an increase in firmness (Lu et al., 
2010; Wang et al., 2007). In both cases, the increase in firmness was largely attributed 
to an increase in density. Mechanically, for the same material, an increase in its 
density also increases its hardness, as there is more matter per unit volume to support 
any stress acting upon it. A dense biscuit also means that there will be more of the 
biscuit to bite through given the same thickness. The density of the biscuit was 
observed to increase with increasing GTE concentration (Section 6.3.2), thus possibly 
resulting in an increase in biscuit hardness. 
 
However, the sensory panellists observed an opposite trend to that measured by the 
instrumental analysis. One of the causes of variations was that biscuit hardness was 
dynamic over time, thus it was best to measure the attribute at a standardised time 
after baking (Gaines & Kassuba, 1992). While this was done for the instrumental 
testing, it was not practical to bake all the biscuits containing different concentrations 
of GTE at the same time for sensory analysis. In addition, hardness is a difficult 
attribute to measure sensorically (Stanyon & Costello, 1990). This is because the 
perceived hardness of biscuits is also affected by other attributes. In human 
perception, hardness can be defined in two ways – hard so that it is not fragile; or hard 
so that it is not soft (Figure 6.8). In other bakery products such as bread and cakes, 
only the second definition is applicable. As biscuits can be fracturable or soft (soggy), 
both definitions are applicable. In addition, “soft” and “fragile” could be the opposite 
ends of the property “fracturability”. Therefore, the panellists trained in terms of both 
hardness and fracturability might have been affected by the sensation of fracturability 




fracturable biscuits could also be perceived as soft or soggy. As the fracturability of 
the biscuits showed a decreasing trend for both the instrumental and the sensory 
analysis, it was likely that less fracturable biscuits were perceived as soft and received 
a lower hardness rating. 
 
 
Figure 6.8. Proposed relationship of hardness and fracturability, with opposite 
properties (in boxes) describing each relationship. 
 
Another reason for the decrease in hardness ratings could be due to the decrease in 
biscuit thickness as the concentration of GTE increased (Figure 6.5). While the 
instrumental results were corrected against thickness of biscuit, the same could not be 
done with panellists as it required the measurement and selection of the thickness of 
individual biscuits. A thick biscuit would mean that it took a longer time to bite 
through it, thus prolonging the perceived sensation of force being applied during 







Fracturability of biscuits is a complex property. Other than baking time and initial 
dough moisture content, the fracturability of a biscuit is mainly due to the 
recrystallisation of sugar from the continuous phase after baking and cooling 
(Maache-Rezzoug, Bouvier, Allaf & Patras 1998). Recrystallisation of sugar is 
affected by many factors, one being the level of impurities in the continuous phase. It 
could be postulated that catechins in GTE, being water soluble, could act as an 
“impurity”, inhibiting proper crystallisation of sugar and thus lowering the 
fracturability. Also, a less developed gluten network interferes less with the 
development of fracturability from the recrystallisation of sugar. The antioxidant 
effect of catechins could inhibit the formation of a structured gluten network (Wang, 
Zhou, Yu & Chow, 2006). The initial increase in the fracturability from control to 
GTE2 could be explained by reduced gluten formation by the addition of GTE.  
 
6.3.4 Effect of GTE on Biscuit Stickiness 
Stickiness is an important attribute of biscuits. It is recognised as one of the properties 
to describe the attributes of biscuits during biting and chewing (Meilgaard, Civille & 
Carr, 1999; Bourne, 2002) and it significantly affects consumer acceptance. 
Stickiness, as a textural property, is the work required to overcome the attractive 
forces between food and the surfaces of teeth and palate (Hoseney & Smewing, 
1999). Stickiness therefore affects consumer acceptance as an extremely sticky biscuit 
would receive a negative response because consumers would find it difficult to clear 
their palate after consumption. A biscuit by itself is dry and not sticky but stickiness is 
always experienced when eating it. Stickiness is generated in the mouth during the 
formation of bolus. Chewing of a biscuit can be roughly divided into two stages. In 




degree of shear but the material remains largely dry. In the second stage, saliva is 
secreted forming bolus which is further kneaded and wetted. It is in the second stage 
that stickiness of biscuit is experienced (Rosenthal, 1999). 
 
To the best of our knowledge, no literature to date has used an instrumental method 
for the determination of the level of stickiness in biscuits. This could be due to the 
need of extra sample preparation procedure prior to measurement and the difficulty to 
mimic conditions experienced in the mouth. In this study, the Chen-Hoseney cell was 
once again used to measure the stickiness of biscuit bolus as it was found effective in 
determining the stickiness of dough. The bolus was prepared in such a way that it was 
most similar to the way it is formed in the mouth. The bolus was mixed with water at 
37°C in order to mimic conditions in the mouth, and the shearing action of the mixing 
blades was used to mimic the actions of the teeth. This instrumental method was 
found to give similar results as compared to those from the trained panellists (Figures 
6.9 (A) and 6.9 (B)). The stickiness was observed to increase with the GTE 
concentration up to GTE6, after which it decreased from GTE6 to GTE8. The 
untrained panellists showed an opposite trend compared to the trained panellists, i.e. 
the stickiness generally decreased with increasing GTE concentration. The conflicting 
result from the untrained panellists was largely because of the varied perception of the 
panellists. This could be due to a misinterpretation of the way the stickiness should be 
measured by some untrained panellists during the sensory evaluation, as it was a 






Figure 6.9. Comparison of biscuit stickiness between instrumental analyses and 
sensory evaluation. (A) Stickiness measured by texture analyses and (B) stickiness 
perceived by trained (n=14) and untrained (n=37) sensory panellists. a-d Means with 
the same superscript letters within the same test are not significantly different 
(P<0.05) 
 
The stickiness experienced in chewing a food item might be attributed to the 
following factors – the amount of food bitten, the moisture content of the food, the 
degree of chewing and the degree of lubrication. The degree of lubrication is 
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surfaces. Generally, a greater degree of lubrication from saliva and other liquids 
decreases the degree of stickiness as food can come off easily (Touger-Decker, Sirois 
& Mobley, 2005). However, the dry nature of biscuits meant that they absorbed 
moisture, decreasing the amount of lubricant present on the surface of mouth and 
teeth, and thus adhered to the surfaces. It is for this reason that water, a lubricant, 
could be consumed to clear any biscuit bolus stuck to teeth. It is also known that 
catechins can cause a loss of lubrication in mouth due to their ability to precipitate 
proline-rich salivary proteins (Kallithraka, Bakker, Clifford & Vallis, 2001). The lack 
of lubrication caused by catechins present in GTE might have resulted in the 
increased ease of adhesion of biscuit bolus to the mouth and teeth, thus increasing 
stickiness. At high concentrations of GTE, the dilution effect of GTE could have been 
the cause for the decrease in stickiness. This is because starch mainly absorbs water 
and becomes sticky during chewing. A high concentration of GTE would reduce the 
concentration of starch in biscuits, thus leading to lower carbohydrate content and a 
lower perceived stickiness. Nevertheless, the same hypothesis could not be used to 
explain the increase in stickiness observed during instrumental analysis, despite the 
good correlation. Therefore, further investigations are required to determine the cause 
of stickiness during chewing of biscuits.  
 
6.3.5 Effect of GTE on Biscuit Colour  
Colour is an important attribute of biscuits as it determines the degree of baking and 
also the initial level of acceptability by consumers (Mamat, Abu Hardan & Hill, 
2010). Figure 6.10 shows the L*, a* and b* values of biscuits containing different 
concentrations of GTE. L* represents lightness of the colour, and a high L* value 





Figure 6.10. Comparison of (A) L*, (B) a* and (C) b* colour of biscuits with 
different GTE concentrations. a-e Means with the same superscript letters for each 



























































red and green are represented by a*, a negative value indicating green colour and a 
positive value indicating red colour. Lastly, b* is positioned between yellow and blue; 
a negative value representing blue and a positive value representing yellow. It could 
be seen from the significantly different L*, a* and b* values of each biscuit that the 
addition of GTE caused a significant change (P<0.05) in the biscuit colour, which was 
also observed by the trained and untrained panellists (Figure 6.11). The largest change 
in colour measured as well as perceived was between control and GTE2. This showed 
that any addition of GTE would cause a large change in colour, but a subsequently 
increased concentration brought about a smaller change in colour. Decreased L* 
values with increasing GTE concentration indicated that the biscuits became darker 
with more addition of GTE. The panellists, both trained and untrained, expressed the 
same perception (i.e. an increase in the rating meant darker). Furthermore, an increase 
in the a* value showed that the biscuits were getting redder, and a decrease in the b* 
value showed that the biscuits were getting less yellow. The application of GTE in 
bread and cake showed similar trends (Wang, Zhou & Isabelle, 2007; Lu, Lee, Mau & 
Lin, 2010).  
 
The GTE powder used in the present study was reddish-brown in colour. Hence 
biscuits containing GTE were expected to be darker in colour as compared to the 
control biscuits. Moreover, during baking, tea polyphenols such as catechins could 
undergo oxidation to produce brown coloured compounds such as theaflavins and 
thearubigins (Hara, 1997), thus resulting in decreased brightness. Being brown in 
colour, these compounds also contributed to an increased red colour of the biscuits. 




contribute to the colour. On the other hand, the decrease in the b* values could be due 
to the masking of the yellow colour of butter by GTE. 
 
 
Figure 6.11. Change in biscuit brightness perceived by trained (n=14) and untrained 
(n=37) panellists. Score 0 refers to very bright while score 10 refers to very dark. a-e 
Means with the same superscript letters within the same panel are not significantly 
different (P<0.05). 
 
6.3.6 Effect of GTE on Biscuit Astringency  
Astringency is a complex sensation experienced in the mouth. For sensory evaluation 
purposes it can be defined as a combination of three distinct aspects – drying of the 
mouth, roughing of oral tissues, and puckering sensations felt in the cheeks and 
muscles (Lawless & Heymann, 1999). Astringency is one of the characteristic tastes 
of green tea, but it is difficult to measure instrumentally. Astringency is desirable in 
green tea (Coultate, 2002), but an increased astringent sensation can be unpleasant, 
































Trained panellists under normal condition




caused by dry biscuits. Therefore, it is necessary to investigate the impact of GTE on 
the astringency profile of biscuits. 
 
Figure 6.12 shows the perceived astringency of the trained and untrained panellists at 
different levels of GTE concentration. According to both the panels, an increase in the 
astringency was perceived when the GTE concentration was increased. The greatest 
degree of astringency was experienced in GTE8. It was found that the trained 
panellists could detect an astringent taste at GTE2 (P<0.05), however the untrained 
panellists, perhaps due to lack of training, only detected a significant increase in the 
astringency at GTE6 (P<0.05). The large standard deviations were due to different 
levels of perception of the degree of astringency by different panellists. The variation 
could be due to the different levels of salivary secretion in different individuals 
(Wang, Zhou & Isabelle, 2007). However, most panellists rated astringency 
consistently, while a small number of panellists were not able to detect any 
astringency at any level. The colour of the biscuits might have caused the untrained 
panellists to be biased as they could differentiate the different levels of GTE present 
by looking at the biscuits. It was also interesting to note that astringency was detected 
in the control biscuits by both the trained and the untrained panellists. As reflected by 
the trained panel, this “illusionary” astringency was caused by the drying effect of the 
biscuit, which was easily confused with the astringency of the GTE as both sensations 






Figure 6.12. Change in biscuit astringency perceived by trained (n=14) and untrained 
(n=37) panellists. a-d Means with the same superscript letters are not significantly 
different within each panel (P<0.05). 
 
Tea polyphenols such as tannins and catechins are known to be responsible for the 
astringent sensation in mouth. Among the different catechins, EGCG was found to 
have the highest dose-over-threshold factor for astringency (Scharbert & Hofmann, 
2005), and could be the main contributor to the astringent taste of GTE. Other 
catechins also contribute to astringency but at a higher threshold level. EGCG was the 
compound of highest amount in the GTE powder used in this study, at a level of 35% 
w/w. Other compounds such as caffeine, present at a level of 4% w/w, could also be 
responsible since it had a high dose-over-threshold factor. As shown in table 3.2, it 
was found that the retention rate of EGCG in biscuit formulated with 0.3% GTE 
(flour basis) was about 21.1%. This translated to about 230 µmol EGCG/kg product in 
the biscuit, which was above the threshold astringency concentration of 190 µmol 





























Trained panellists under colour masked condition




causing compounds, it is likely that biscuits can be perceived as astringent even at a 
formulation level of as low as 0.2% GTE (flour basis). 
 
6.4 CONCLUSIONS 
Both instrumental analysis and sensory evaluation data showed a significant change in 
biscuit quality with the addition of GTE. Cohesiveness and stickiness of the dough 
decreased with increasing GTE concentration. Hardness, stickiness and density of the 
biscuits increased, while its fracturability and thickness decreased with increasing 
GTE concentration. A newly proposed instrumental method to measure biscuit 
stickiness showed that the stickiness increased with GTE addition. The colour of the 
biscuits became darker, redder and less yellow with increasing GTE concentration, 
according to the L*, a* and b* values. The addition of GTE also resulted in an 
astringent biscuit, with the astringency threshold at 0.2% of GTE formulation (flour 
basis) for the trained panellists and 0.6% (flour basis) for the untrained panellists. 
Results on other attributes such as biscuit hardness and fracturability, biscuit 
stickiness and astringency, showed that a significant difference was not observed by 
the panellists up to GTE4. From the dough morphology results, the quality of the 
dough was significantly worse at GTE6 and GTE8, suggesting lower machinability. 
Thus, it can be concluded that GTE can be incorporated up to 0.4% of flour mass 
without significantly adverse effects on the dough and biscuit quality. This study 
provides a useful guideline for biscuit manufacturers who wish to incorporate GTE as 






With the above results, it becomes clear that the addition of GTE to biscuits had 
significant effects on the various texture, physical and sensorial properties of biscuits 
and biscuit dough. In an attempt to be able to predict biscuit quality by looking at 
dough properties, relationships between the biscuit textural and dough rheological 
properties were studied and consequently, mathematical models were developed. 
Correlations between the sensorial properties from the panellists and the texture 
properties obtained from the instrumental analysis of biscuits were also studied to 
reveal whether it is possible to predict the consumer sensory perception by 
instrumental analysis. Details regarding the development of mathematical models and 
the investigation of instrumental and sensorial data correlation will be reported in 



















INFLUENCE OF GREEN TEA EXTRACT ON BISCUITS & 
BISCUIT DOUGH.  
PART II: ANOMOLOUS BEHAVIOUR OF BISCUIT HARDNESS 
& FRACTURABILITY AND INSTRUMENTAL 
PREDICTABILITY OF SENSORY RESPONSE 
 
7.1 INTRODUCTION 
Mathematical modeling is a powerful tool for establishing quantitative relationships 
among various physical and chemical parameters. Models can be developed by a 
variety of approaches including linear and nonlinear regressions, fuzzy logic, artificial 
neural networks, etc. Not only the models can provide much insight to the underlying 
relationship among various parameters, but also certain parameters that cannot be 
measured easily could be calculated from the models utilizing other parameters that 
are relatively easier to obtain (Jiang, Liu, Bhandari & Zhou, 2008). 
 
The rheological properties of biscuit dough are important as they influence the 
machinability of the dough as well as the quality of biscuits (Manohar & Rao, 1997). 
Some literature is available on the rheology of bread dough regarding the methods of 
measurement, optimum rheological parameters needed, the interrelationship between 
rheological parameters and bread quality (Bloksma and Bushuk, 1988; Hoseney, Hsu, 
& Junge, 1979; Frazier, Fitchett, and Russel Eggit, 1985), and the interrelationship 
between instrumentally measured bread quality and that studied by sensory evaluation 
(Wang, Zhou & Isabelle, 2007). Until a few years ago, there was no such information 




(1998) related length of biscuit to dough relaxation time. They found a near-linear 
decrease in the length as the relaxation time increased. Cronin and Preis (2000) 
performed a statistical analysis of biscuit physical properties (weight and thickness) 
for Rich Tea type biscuits (which did not contain tea in any form, as an ingredient). 
They found that the baking stage could slightly improve weight distribution 
uniformity by reducing variability in moisture content between biscuits. Manohar and 
Rao (2002) related various rheological characteristics of biscuit dough to quality of 
biscuits; in particular, they found that elastic recovery of the dough was the best index 
for predicting the textural quality (i.e. biscuit spread, thickness and density) of 
biscuits. Edoura-Gaena, Allais, Trystram & Gros (2007) studied some physical and 
sensory properties of aerated cake batter and biscuits, and attempted to find a relation 
between the batter and biscuit properties to assess whether some of the batter 
properties could be predictive of biscuit quality. They found significant links between 
the properties of batter (i.e. overrun, rheological properties, bubble size) and the 
biscuit texture characteristics (i.e. crumb texture, dimensions, crumb density, moisture 
content, sensory properties of the biscuit), and also between the set of sensory 
indicators (including irregularity, biscuit body development, colour of the sole, and 
colour of sugaring) and those batter properties via canonical correlation analysis 
(CCA) results.  
 
Part I of this study discussed in the previous chapter (Chapter 6) aimed at studying the 
physical (density, thickness and brightness), textural (hardness, fracturability, 
stickiness and cohesiveness) and sensory (hardness, fracturability, stickiness, 
astringency and brightness) properties of biscuits and biscuit dough. In Part II as 




biscuits obtained from the instrumental analyses with those obtained from the sensory 
evaluation. Mathematical models were established to correlate dough rheological 
properties with the biscuit textural and physical properties, in order to be able to 
predict the biscuit quality by looking at the dough properties. Overall consumer 
acceptance of biscuits containing GTE was also studied, in which untrained panellists 
rated the overall acceptance of biscuits based on the taste, texture, flavour and colour 
of the biscuits. This study helped to gauge whether the added GTE powder was 
having any adverse effects on the consumer acceptance.   
 
7.2. MATERIALS & METHODS 
7.2.1 Materials and Biscuit Preparation 
Materials were the same as those described in section 6.2.1. Briefly, plain flour (Fairy 
brand, 14% moisture, 8% protein) was purchased from Prima Ltd. (Singapore). Fine 
grain pure cane sugar (Fairprice brand) and fine salt (Fairprice brand) were purchased 
from NTUC Fairprice Co. Ltd. (Singapore). Anchor brand unsalted butter (Fonterra 
Co. Ltd., Auckland, New Zealand), Bake King brand sodium bicarbonate and baking 
powder (Gim Hin Lee Pte. Ltd., Singapore) were purchased from the local 
supermarket. Ammonium bicarbonate (Red Man brand) was purchased from Phoon 
Huat and Co. Pte. Ltd. (Singapore). Green tea extract (Camellia sinensis) was 
obtained from Pure Herbal Remedies Pte. Ltd. (Singapore). The GTE used in this 
study contained about 90% tea polyphenols. 
 
Biscuits were prepared using a method modified from that in Manohar and Rao 




GTE6 and GTE8 biscuits were made with GTE powder added at the concentration of 
0, 0.2, 0.4, 0.6 and 0.8% of flour mass, respectively.  
 
7.2.2 Sensory Evaluation 
Details of the sensory analyses for biscuits can be found in section 6.2.7. Briefly, five 
attributes of biscuit, i.e. hardness, fracturability, stickiness, astringency and brightness 
were selected from a standard lexicon of terms for biscuits (Meilgaard, Civille & 
Carr, 1999). The panellists were trained for a period of 4 weeks. 10 to 14 panellists 
were selected for the final test based on their performance and ability to differentiate 
the products and judge their intensity. Triplicate testing was performed under light 
masked conditions for all attributes, except for brightness of the biscuit, which was 
performed under normal light. The attributes were judged in the following order: 
hardness, fracturability, stickiness, astringency and then brightness under normal 
lighting. In the second part of the sensory evaluation, 37 panellists participated in the 
untrained sensory evaluation sessions. The evaluation was performed without 
replicates and light masking, as to generate a consumer test setting. The same 
attributes and line scale were used, but the anchor reference products were verbally 
described to the panellists instead of being presented to them. Consumer acceptance 
of biscuits containing GTE was rated by 37 untrained panellists based on a hedonic 









7.2.3 Instrumental and Statistical Analyses 
Details of the instrumental and statistical analyses for biscuits and biscuit dough can 
be found in section 6.2.8. Briefly, a texture analyser (Stable Micro System TA-XT2i, 
UK) was used in the texture analysis of dough and biscuit. Dough stickiness and 
cohesiveness were measured using the Chen-Hoseney cell with a 25 mm diameter 
perspex cylinder probe (P/25P). The parameters used were according to a modified 
method from Chen & Hoseney (1995). Three-point bending test was used to measure 
the hardness of the samples using a span length of 50 mm and crosshead speed of 1 
mm/s. The fracturability of the biscuit was measured by penetration with a 2 mm 
cylinder probe (P/2), up to a distance of 2 mm. The penetration speed was 0.5 mm/s. 
Biscuit stickiness was measured by first creating a biscuit bolus, then measuring the 
stickiness of the bolus using the Chen-Hoseney cell. Biscuit colour was measured 
using a spectrophotometer with standard illuminant D65 (Minolta CM3500d, Japan) 
and expressed as the L*a*b* values, where L* represents whiteness (value 100) or 
blackness (value 0), a* represents red (+a) or green (-a), and b* represents yellow 
(+b) or blue (-b). The thickness of each biscuit was measured with a micrometer 
screw (Mitutoyo IP-54, Japan) at 4 points on the biscuit. The quadruplicate diameter 
of each biscuit was measured using a vernier calliper (Mitutoyo CD-6”BS, Japan). 
 
Instrumental results were analysed by single factor ANOVA using SPSS (IBM, 
USA). Duncan test was carried out at a significance level of 0.05 to determine any 
significant differences among samples. The sensory results from untrained panellists 
were analysed using 2-way ANOVA (sample and panellist), while sensory results 
from trained panellists were analysed using 3-way ANOVA (sample, panellist and 




performed at a significance level of 0.05 to determine if any significant differences 
existed and if they were due to the samples, panellists or different sessions of sensory 
evaluation. 
 
7.2.4 Mathematical Modeling 
Models were developed for correlations between sensory and instrumental 
measurements of biscuits via linear regression. The instrumental analysis comprised 
three textural properties of biscuit, i.e. hardness, fracturability and stickiness, and one 
non-texture property, i.e. brightness. 
 
Mathematical models were also developed for correlations between dough rheological 
properties and biscuit textural and physical properties. Two dough properties, 
stickiness and cohesiveness, were correlated with three biscuit textural properties 
(hardness, fracturability and stickiness) and two biscuit physical properties (density 
and thickness/mass ratio). It was important to incorporate both dough stickiness and 
dough cohesiveness in the same mathematical model because as mentioned previously 
in section 6.3.1, stickiness and cohesiveness were two properties that could be 
intermingled with each other due to the viscoelastic nature of dough and changing one 
property would affect the detection of the other. Hence a multivariate polynomial 









7.3. RESULTS & DISCUSSION 
7.3.1 Correlation between Sensory Evaluation and Instrumental Analysis 
Today, it is generally accepted that texture is a sensory property; thus, only humans 
are able to perceive, describe and measure it (Bourne, 2002; Szczesniak, 2002). 
Instruments can only measure physical properties and not sensory properties. 
However, the use of instrumental analysis is important not only to mitigate the cost 
and lack of efficiency in the use of human subjects, but also as a predictive measure to 
ensure that product quality falls within a range that is acceptable to consumers. To 
ensure this, it is important that physical properties measured by instruments correlate 
well with sensory assessments of texture. The quality and accuracy of instrumental 
methods can only be judged by their ability to predict sensory results (Bourne, 2002). 
 
A correlation between sensory measurements and instrumental measurements was 
carried out for three texture properties of biscuit, i.e. hardness, fracturability and 
stickiness, and one non-texture property, i.e. brightness. The linear correlations are 
listed in Table 7.1. As it can be seen from the table, the brightness results correlated 
strongly with the L* values measured using the spectrophotometer, with an R2 value 
of 0.989 for the trained panellists and 0.996 for the untrained panellists. The 
instrumentally measured biscuit stickiness did not align well with the sensory results 
from the untrained panellists, as a negative correlation was found. This could be due 
to the complex nature of the way the stickiness was sensed in the mouth, as well as 
the difficulty in comprehending how to measure the stickiness accurately while 
chewing. Training significantly improved the correlation (R2 = 0.954) as the panellists 





For the fracturability, the correlation between the instrumentally measured values and 
the sensory results was again poor (R2 = 0.101) for the untrained panellists as 
compared to the trained panellists (R2 = 0.891). Fracturability was described as a 
secondary attribute, observed in foods having a high degree of hardness and a low 
degree of cohesiveness (Bourne, 2002). Therefore it could have been easily confused 
with other properties of the biscuit such as hardness. The hardness, however, had a 
better correlation between the instrumentally measured values and the sensory results 
by the untrained panellists (R2 = 0.679) than that by the trained panellists (R2 = 0.539) 
where a negative correlation was observed. As discussed briefly in section 6.3.3, 
hardness could be strongly related to fracturability as hardness can be defined in two 
different ways: hard so that it is not soft; and hard so that it is not fragile. Meanwhile, 
fragile and soft are actually at the two opposite ends of the spectrum of the 
fracturability attribute (Figure 6.8). It could therefore be possible that the panellists 
were confused with hardness and fracturability. Thus, for biscuits, the hardness and 
fracturability could be related sensory properties and are difficult to differentiate from 
one another clearly. 
 
With the above analysis, it is necessary to get a better understanding of the 
relationship between the hardness and the fracturability from the sensory evaluation, 
as well as to re-correlate them with the instrumental analysis data. An average of the 








Table 7.1. Correlation of instrumental analysis and sensory evaluation* 
Attribute 37 untrained panellists 
under normal lighting 
conditions 
Triplicate sessions by 11 to 14 trained 
panellists under colour-masked lighting 
conditions (except for brightness) 
Hardness Linear: 
	 = 	0.0105	 + 	0.1185	
h²	 = 	0.679		
Linear: 
	 = 	−62.279	 + 	715.340	
h²	 = 	0.539	 
	
Fracturability Linear: 
	 = 	0.2035	 + 	6.0248	
h²	 = 	0.101		
Linear: 
	 = 	1.4879	 − 	3.5214	
h²	 = 	0.890	 
	
Stickiness Linear: 
	 = 	−8.760	 + 	82.051	
h²	 = 	0.787  
Linear: 
	 = 	12.251	 − 	40.274	
h²	 = 	0.954	 
	
Brightness Linear: 
	 = 	−4.706	 + 	97.927	
h²	 = 	0.995		
Linear: 
	 = 	−4.266	 + 	97.855 
h²	 = 	0.988		
* x is attribute value measured by sensory analysis, y is value of the same attribute 
measured instrumentally.  
 
instrumental fracturability measurements (Table 7.2). The same procedure was 
repeated for the root mean square (RMS) of the hardness and fracturability sensory 
scores. A high correlation was obtained (R2 = 0.993 and 0.991 for the average and 




alone correlated very well (Table 7.1). Therefore, it suggests that the hardness and 
fracturability were related to each other and it was not meaningful to define and 
measure them alone and separately. A good correlation between the sensory hardness 
and fracturability (R2 = 0.915) as shown in Table 7.2, also supports this argument. It 
could also be suggested that the instrumental fracturability is a good indicator for both 
the sensory hardness and the sensory fracturability perceived by the trained panellists. 
The average values of the hardness and fracturability sensory scores were analysed 
using LSD at 5%. It was observed that a significant drop in the combined hardness 



















Table 7.2. Correlation between sensory hardness, average of sensory hardness and 
sensory fracturability, and RMS of sensory hardness and sensory fracturability with 
sensory and instrumental fracturability. * 
 Sensory hardness Average of sensory 
hardness and sensory 
fracturability 
RMS of sensory hardness 











	 = 	0.524	 + 	4.627	
h²	 = 	0.764	 
Linear: 
	 = 	0.681	 + 	2.708	
h²	 = 	0.993  
Linear: 
	 = 	0.616	 + 	3.138	
h²	 = 	0.991 
* x & z are the attribute values measured by sensory analysis, y is value of the same 
attribute measured instrumentally. 
 
 
Figure 7.1. Averaged hardness and fracturability score of biscuits with different 
levels of GTE rated by 10 trained panellists. a-c Means with the same superscript 
letters are not significantly different (P<0.05). 
























7.3.2 Correlation between Dough Rheology and Biscuit Properties 
Besides the need to correlate instrumental measurements with sensory attributes of 
biscuit, it is also necessary to relate dough properties to biscuit quality. This is 
because that dough, as an intermediate between ingredients and the final product, is of 
considerable importance in biscuit manufacturing. Too soft or hard dough will not 
process satisfactorily, will not be shaped properly and thus will not yield a satisfactory 
product (Manohar & Rao, 2002). It is beneficial to be able to predict biscuit quality 
using dough rheological properties because doing so is much more efficient than test 
baking which is time-consuming and would then become supplementary. 
 
Two dough properties, stickiness and cohesiveness, and three biscuit textural 
properties, hardness, fracturability and stickiness were correlated. Two biscuit 
physical properties (density and thickness/mass ratio) were also correlated with dough 
rheological properties (Table 7.3). Since, both stickiness and cohesiveness were inter-
related properties, a multivariate polynomial regression was carried out to obtain 
second order models between biscuit and dough properties. High R2 values observed 
for all equations indicated good correlations between the studied properties of dough 
and biscuit. Figure 7.2 shows the 3-D plots between various biscuit characteristics, 
dough stickiness and dough cohesiveness. As mentioned in Part I of this study, dough 
stickiness and dough cohesiveness were measured using the Chen – Hoseney method. 
The values for dough cohesiveness and stickiness varied significantly between 0.6-
0.7, and 6-10 respectively, with increasing GTE concentration. The different colours 
in the 3-D plots represent the nature of change of the respective biscuit property with 




property is marked by darker shades of red, whereas a low value for the same biscuit 
property is marked by shades of blue and green. It could be seen that a change in 
dough cohesiveness did not have a significant impact on biscuit hardness, resulting in 
a constant red shaded graph at the top. However, as biscuit stickiness started to 
increase, biscuit hardness also started to decline, resulting in a blue shaded curve at 
the bottom of the graph. A similar effect was seen with biscuit stickiness as well. 
Biscuit density did not see a drastic change with varying dough cohesiveness and 
dough stickiness, except at higher values of dough sstickiness, where biscuit density 
increased slightly, resulting in a uniformly shaded curve of blue and green.  
 
Table 7.3. Correlation between biscuit properties and dough rheology. 
Biscuit Dough Stickiness & Dough Cohesiveness* R² 




Fracturability z = -0.164x2 - 46.005y2 + 4.844xy + 12.189 
  
0.9999 
Stickiness z = -2.149x2 + 79.689y2 + 38.557xy - 61.318 
  
0.9879 





z = 0.008x2 – 1.333y2 – 0.118xy + 1.229 
  
0.9955 






    
       
 
Figure 7.2. 3-D representation of biscuit (A) hardness (B) fracturability (C) stickiness 

































































































































From the instrumental analysis (Chapter 6) it could be seen that biscuit hardness 
increased while dough stickiness and cohesiveness decreased with increasing GTE 
concentration. This was understandable as it meant that stickier dough would result in 
a softer or “soggy” biscuit. A strong correlation was observed between the density of 
the biscuit and the stickiness as well as the cohesiveness of the dough. This supports 
the argument that a good dough network is necessary for the formation of a good 
biscuit network. In the study performed by Manohar & Rao (2002), dough 
cohesiveness and adhesiveness were correlated well with biscuit density in a similar, 
negative fashion. An unusual relationship was observed between the biscuit stickiness 
and the dough stickiness; the biscuit stickiness was seen to increase while the dough 
stickiness and cohesiveness decreased with increasing GTE concentration. This meant 
that stickier dough would produce a less sticky biscuit. This could be due to the nature 
of GTE powder added in the dough. A high concentration of GTE resulted in a 
decrease in dough stickiness due to the hygroscopic nature of the GTE powder. 
However in order to measure the biscuit stickiness, the biscuit was ground and mixed 
with a uniform quantity of water to form a bolus, mimicking the conditions in the 
mouth during chewing. Generally, a greater degree of lubrication from saliva and 
other liquids decreases the degree of stickiness as food can come off easily (Touger-
Decker, Sirois & Mobley, 2005). However, the dry nature of biscuits meant that they 
absorbed moisture, decreasing the amount of lubricant present on the surface of 
mouth and teeth, and thus adhered to the surfaces. The addition of GTE in the biscuit 
matrix further enhanced this effect. The lack of lubrication caused by catechins 
present in GTE might have resulted in the increased ease of adhesion of biscuit bolus 





The regression models developed can be used by biscuit manufacturers to predict the 
quality of biscuits by looking at dough rheological properties; however more studies 
on dough rheology need to be done to completely understand the relationship between 
biscuit textural characteristics and dough rheology as a result of the effect of GTE. 
  
7.3.3 Consumer Acceptance of Biscuits Containing GTE 
Acceptance of biscuits containing GTE was rated by 37 untrained panellists based on 
the taste, texture, flavour and colour of the biscuit. The results are shown in Figure 
7.3. It could be seen that the average score generally decreased with increasing GTE 
concentration, with GTE8 having the lowest rating. Several factors, such as increased 
astringency, large change in colour and change in the texture of the biscuit could have 
led to the decrease in rating. 
 
Figure 7.3. Acceptance score of biscuits with different levels of GTE rated by 37 






























The standard deviations were large since the panellists could have significantly 
different opinions. It can be observed from Figure 7.3 that the acceptance did not 
significantly drop up to the application of 0.6% GTE. This showed that GTE did not 
adversely affect the overall acceptability of biscuits up to this level of addition. The 
general familiarity with and acceptability of green tea among the panellists in this 
study might also contribute to the good acceptance of the biscuits as consumers would 
not mind an astringent or bitter taste if they were aware that the product contained 
green tea. However, more studies need to be done to find out if the biscuits containing 
GTE would appeal to the more general population. 
 
7.4. CONCLUSIONS 
Correlations between instrumental texture analysis and sensory properties of biscuits 
and between biscuit textural and dough rheological properties were carried out. In 
general, good correlations were achieved between the instrumental analysis data and 
the sensory evaluation results by the trained panellists. It was observed that the 
panellists could not differentiate the attributes of hardness and fracturability from one 
another, as the results from the instrumental analysis for hardness did not correlate 
well with those from the sensory evaluation by the trained panellists. Hence, 
considering human perception, the relationship between hardness and fracturability 
was studied in further detail and it was found that the average of the two sensory data 
correlated well with the instrumental fracturability results, suggesting that the two 
attributes were inherently related and should not be considered individually when 
evaluating a product like biscuit. Multivariate polynomial regression was used to 




dough rheological properties. The quality of the models was validated by their high R2 
values. The addition of GTE did not adversely affect the overall acceptability of 
biscuits among consumers up to the level of 0.6%. This study can be used by biscuit 
manufacturers to predict the quality of biscuits by looking at dough rheology, which 

























SUMMARY AND RECOMMENDATIONS 
 
8.1 SUMMARY 
The stability of green tea catechins in the biscuit making process was successfully 
studied and modelled in this study. Being antioxidants, the interaction of green tea 
catechins with fat in biscuits was found to be able to quantify the ability of catechins 
to counteract lipid oxidation in biscuits. This was followed by a comprehensive study, 
investigating the effects of green tea catechins on biscuit dough and biscuit properties, 
including rheological, physical, textural, and sensorial properties. Correlations were 
made between instrumental and sensory evaluations, and between dough properties 
and biscuit properties to be able to predict biscuit quality by looking at dough 
rheological results. 
 
The study on stability of tea catechins in biscuits revealed that different catechins 
showed varying stability profiles during the biscuit making process. The relative 
stability of catechins in the biscuit system can be sequenced as (-)-CG > (-)-GCG > (-
)-ECG > (-)-EGCG. Percentages of (-)-EGCG and (-)-ECG in the dough and biscuit 
increased as the initial concentration of GTE was increased. Retention rates were 
improved by reducing the pH of the dough. 
 
The research aimed at studying the ability of green tea catechins to counteract lipid 
oxidation and showed that the addition of GTE was able to significantly reduce the 




days of storage, biscuits stored at 500C containing 0.2%, 0.4% and 0.6% GTE were 
found to have a reduction in peroxide formation by 57.83%, 65.84% and 71.03% 
respectively. Similarly, biscuits stored at 600C showed a reduction in peroxide 
formation by 18.83%, 24.24% and 27.59% respectively. GTE was not as effective in 
inhibiting the formation of secondary oxidation products. Although biscuits 
containing 0.6% GTE showed a significant reduction of 29.92% in the formation of 
secondary oxidation products after 10 days of incubation at 500C, the rest of biscuit 
samples did not show any significant change in the p-AV as compared to the control 
biscuits. The addition of 0.2%, 0.4%, and 0.6% inhibited total oxidation in biscuits by 
54.22%, 61.84%, and 67.11% respectively for biscuits stored at 500C for 10 days; and 
by 18.11%, 23.23%, and 27.03% respectively for biscuits stored at 600C for 10 days. 
The accelerated shelf life study revealed that lipid oxidation in biscuits followed a 
first order reaction. The addition of 0.2%, 0.4% and 0.6% GTE was able to increase 
the shelf life of biscuits by approximately 7, 12 and 20 times respectively, with 
respect to the control biscuits (0% GTE).  
 
The study to evaluate the effect on GTE on biscuit quality revealed that both 
instrumental data and sensory evaluation showed a significant change in biscuit 
quality with the addition of GTE. Instrumentally, hardness was observed to increase 
with increasing GTE concentration. However, sensory analysis suggested different 
trends especially for trained panellists, who observed a decrease in hardness with 
increasing GTE concentration. Likewise, fracturability was shown by the texture 
analyser to decrease with the addition of GTE, but this trend was only perceived by 
trained panellists with no significant difference between the data. Hence, considering 




further detail and it was found that the average of the two sensory data correlated well 
with the instrumental fracturability results, suggesting that the two attributes were 
inherently related and should not be considered individually when evaluating a 
product like biscuit. Therefore, it was concluded that untrained panellists have divided 
opinions on the perception and measurement of biscuit hardness. The combined 
decrease in the hard and crisp (fracturability) nature of biscuits as perceived by the 
trained panel showed that the “freshness” attribute of biscuits decreased, and a 
significant drop was observed at GTE6. 
 
Stickiness is an important attribute of biscuit experienced during chewing; however, it 
is a difficult parameter to measure instrumentally. A newly proposed instrumental 
method showed that stickiness of biscuit increased with GTE addition. The same 
trend was only observed with trained panellists, suggesting misinterpretation of the 
attribute by untrained panellists. A significant increase in stickiness was observed 
after the addition of 0.4% GTE. A good correlation was found between sensory and 
instrumental data for the trained panel; however, more testing needs to be done before 
the new method can be applied to represent sensorically perceived stickiness. Biscuit 
density was also observed to increase with GTE concentration, showing that the 
corresponding biscuits expanded less. The change in biscuit quality could be linked to 
the change in dough properties, as dough stickiness and cohesiveness were observed 
to significantly drop with GTE addition. The dough morphology also changed 
significantly with GTE addition, resulting in a general drop in dough quality with 
GTE addition. Multivariate polynomial regression was used to build second order 
models to help predict the biscuit texture properties from the dough rheological 




colour of the biscuits became darker, redder and less yellow with increasing GTE 
concentration, according to the L* a* b* values. Both trained and untrained panellists 
observed a similar decrease in the brightness of the biscuit. However, the decrease in 
brightness should not affect acceptance up to GTE6, as shown by the colour of 
commercial biscuits. The addition of GTE also brought about a perceived astringent 
biscuit. Both trained and untrained panellists detected an increase in astringency with 
the addition of GTE; the threshold was GTE2 for the trained panellists and GTE6 for 
the untrained panellists. 
 
The change in biscuit quality did not induce a significant drop in overall acceptance 
up to 0.6% GTE addition. Other factors such as biscuit hardness and fracturability, 
biscuit stickiness and astringency, showed that a significant difference was not 
observed by panellists up to GTE4. From the dough morphology point of view, the 
quality of the dough was significantly worse at GTE6 and GTE8, suggesting lower 
machinability. Thus, it can be recommended that GTE can be used up to 0.4% of flour 
mass without adverse effects on the dough and biscuit quality.  
 
In summary this study has studied the stability of green tea catechins during the 
biscuit making process. This is an important piece of work because previous to this 
study, there was no data available which could let us know the fate of green tea 
antioxidants during the biscuit baking process. The work on modelling the stability of 
tea catechins in biscuits is important because the models can be used to predict the 
amount of the catechins in the final product just by knowing the initial concentration 
and the biscuit baking parameters like temperature, time, moisture content and pH. 




because it proved that even though tea catechins are hydrophilic, they do react with 
the lipids in a food matrix and retard lipid oxidation. The effect of GTE on biscuit 
quality was highly important as both biscuit manufacturers and consumers would like 
to know what effects do tea catechins have on the overall quality of a product like 
biscuit. Overall, this study provides a useful guide for biscuit manufacturers who wish 
to incorporate GTE as a functional ingredient that has health benefits as well as lipid 
oxidation retardation effects. 
 
8.2 RECOMMENDATIONS FOR FUTURE WORK 
1. In the study conducted in chapter 4, it was found that EGCG and GCG were 
much more sensitive to pH change than ECG and CG. As a result, the quality 
of models developed for degradation of [EGCG + GCG] and for the 
epimerisation of EGCG to GCG and vice versa, was not good enough and 
could be improved. For this, the dynamic change of pH during baking will 
need to be studied to fully understand the kinetics of epimerization of EGCG 
and GCG. The reaction kinetics of catechins in the aqueous system with 
varying range of pH values could be studied first, to get an idea of the extent 
and nature of the impact pH has on catechins. This could then be followed by 
studying the reaction kinetics in the biscuit baking system, where the pH 
change is dynamic during the baking process. 
 
2. For the study done in chapter 5, the effect of tea catechins on lipid oxidation in 
biscuits was studied by preparing biscuit samples containing a range of 
concentration of GTE, and then measuring the lipid oxidation in the final 




AV values. As a next step, it would be useful if the concentration of each 
catechin in the biscuit could be quantified after shelf life storage. This would 
provide a larger perspective of the amount of catechins present and the extent 
of inhibition to rancidity visible. The two could possibly be correlated as well. 
This could also be compared with tocopherol (vitamin E). Frankel (1993) 
recommended the need for standardization of methods to determine the 
oxidative stability of different lipid systems and different antioxidant systems. 
Tocopherols are natural fat soluble antioxidants commonly used to stabilize 
fats and oils against oxidation. Tea catechins in GTE are shown to have a 
synergistic effect with tocopherols (Hara, 2001; Yamamoto et al., 1997).  
 
3. In chapter 6, only 2 dough properties were investigated for the purpose of this 
study, namely, dough stickiness and dough cohesiveness. It would be useful to 
investigate further dough properties, such as dough firmness and elastic 
recovery, aside from the two already done in this study. This would provide 
more data for correlation between biscuit and dough quality, and could be 
essential in predicting the biscuit quality for future uses. Non-linear 
correlation can also be an area of interest, as it is not necessary that properties 
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1. Dough Raw Data 
1.1 Tabulated Raw Data 
 
Table 1: Dough Stickiness Raw Data 
  Stickiness force (g) 
Trial Repetition Control GTE2 GTE4 GTE6 GTE8 
1 1 9.264 9.551 6.501 6.042 6.880 
1 2 10.101 7.246 8.117 7.245 6.341 
1 3 10.915 8.496 7.017 6.397 5.745 
1 4 11.775 9.505 9.218 7.440 7.522 
1 5 10.445 9.941 10.754 7.738 5.779 
1 6 8.840 10.216 7.338 7.200 6.983 
2 1 10.192 6.260 7.670 5.892 6.924 
2 2 9.080 7.040 6.569 6.454 5.904 
2 3 9.194 8.359 7.635 6.912 6.030 
2 4 9.137 7.694 7.647 8.380 5.996 
2 5 10.627 6.501 7.635 6.683 5.789 
2 6 9.619 7.407 6.409 7.795 5.789 
3 1 11.004 7.062 7.728 6.729 5.298 
3 2 10.099 7.658 7.121 6.511 6.054 
3 3 9.663 7.498 7.178 6.786 5.343 
3 4 10.213 7.899 7.258 7.165 6.008 
3 5 10.202 7.876 6.570 5.961 5.412 

















Table 2: Dough Cohesiveness Raw Data 
  Travel (mm) 
Trial Repetition Control GTE2 GTE4 GTE6 GTE8 
1 1 0.735 0.638 0.619 0.620 0.679 
1 2 0.754 0.638 0.700 0.660 0.620 
1 3 0.674 0.656 0.639 0.620 0.659 
1 4 0.675 0.677 0.657 0.640 0.559 
1 5 0.676 0.679 0.678 0.639 0.599 
1 6 0.657 0.618 0.619 0.718 0.600 
2 1 0.654 0.698 0.639 0.600 0.640 
2 2 0.654 0.619 0.580 0.600 0.640 
2 3 0.675 0.635 0.638 0.637 0.620 
2 4 0.638 0.599 0.619 0.619 0.600 
2 5 0.616 0.599 0.637 0.719 0.640 
2 6 0.659 0.619 0.660 0.618 0.559 
3 1 0.715 0.658 0.638 0.619 0.580 
3 2 0.693 0.656 0.599 0.619 0.540 
3 3 0.674 0.676 0.677 0.619 0.620 
3 4 0.752 0.639 0.599 0.598 0.639 
3 5 0.755 0.676 0.639 0.659 0.620 
3 6 0.675 0.578 0.636 0.580 0.579 
171 
 
2. Biscuit Dimensions Raw Data 
Table 3: Raw data for seed mass measured in container 
Mass of container and seeds (g) Samples the mass was measured for 
454.02 0.8% GTE repetition 1 
450.80 0.8% GTE repetition 1 
455.98 Control repetition 1 
459.10 Control repetition 1 
459.08 0.8% GTE repetition 2 
460.87 0.8% GTE repetition 2 
456.02 0.4% GTE repetition 1 
459.57 0.4% GTE repetition 1 
460.01 0.2% GTE repetition 1 
461.21 0.2% GTE repetition 1 
459.00 0.6% GTE repetition 1 
460.40 Control repetition 2 
461.48 0.2% GTE repetition 2 
461.01 0.4% GTE repetition 2 
459.24 0.8% GTE repetition 3 
464.88 0.2% GTE repetition 3 
465.78 0.4% GTE repetition 3 
465.77 Control repetition 3, 0.6% GTE repetition 2 and 3 
464.71 Control repetition 3, 0.6% GTE repetition 2 and 3 
 
Table 4: Container dimensions (control) 
Repetition 1 2 3 
Mass of container (g) 42.29 42.29 42.29 
Mass of full container (g) 457.54 459.75 465.29 
Volume (cm
3
) 594.36 594.36 594.36 
Density of seeds (g/cm
3























Length (mm) Width(mm) 
1 (1) 10.83 447.12 67.76 65.75 66.99 68.84 6.749 6.832 6.973 7.088 
1 (2) 11.18 448.16 68.27 67.71 67.82 67.31 7.153 7.311 7.46 7.67 
1 (3) 11.91 
 
67.86 68.6 68.57 69.09 7.577 7.941 7.946 8.275 
1 (4) 11.73 446.01 69.42 67.21 67.02 68.57 7.489 7.325 7.122 7.563 
1 (5) 10.72 
 
65.79 67.25 67.67 66.52 7.064 6.848 7.202 7.003 
1 (6) 11.89 447.51 68.37 68.06 68.8 69.09 7.532 7.265 7.444 7.447 
2 (1) 10.75 445.01 65.99 66.41 67.42 67.37 6.61 6.822 6.996 7.012 
2 (2) 10.71 445.25 67.39 67.19 67.01 66.93 6.764 6.886 6.624 6.943 
2 (3) 10.93 
 
65.44 66.66 68.22 67.54 6.895 6.785 7.026 7.116 
2 (4) 10.14 444.36 65.95 67.04 67.79 66.44 6.457 6.757 7.027 6.987 
2 (5) 10.75 
 
66.93 66.78 66.88 68.12 6.864 6.897 6.772 6.831 
2 (6) 11.19 444.22 68.73 67.07 65.57 66.22 7.194 7.531 7.26 7.348 
3 (1) 10.83 447.12 67.76 65.75 66.99 68.84 6.749 6.832 6.973 7.088 
3 (2) 11.18 448.16 68.27 67.71 67.82 67.31 7.153 7.311 7.46 7.67 
3 (3) 11.91 
 
67.86 68.6 68.57 69.09 7.577 7.941 7.946 8.275 
3 (4) 11.73 446.01 69.42 67.21 67.02 68.57 7.489 7.325 7.122 7.563 
3 (5) 10.72 
 
65.79 67.25 67.67 66.52 7.064 6.848 7.202 7.003 




Table 6: Container dimensions (0.2%GTE) 
Repetition 1 2 3 
Mass of container (g) 42.29 42.29 42.29 
Mass of full container (g) 459.75 459.75 465.29 
Volume (cm
3
) 594.36 594.36 594.36 
Density of seeds (g/cm
3





















Length (mm) Width(mm) 
1 (1) 11.43 445.26 67.31 66.39 67.38 68.17 7.149 6.812 7.082 7.213 
1 (2) 12.29 444.70 68.47 68.15 67.81 67.43 7.434 7.710 7.752 7.779 
1 (3) 11.30 
 
66.22 68.15 68.09 66.85 6.669 6.893 6.754 6.851 
1 (4) 12.70 444.27 68.41 68.21 67.98 67.62 7.848 7.470 7.962 7.752 
1 (5) 11.12 444.37 66.31 67.97 68.33 67.30 6.740 6.824 6.983 6.958 
1 (6) 11.20 
 
66.73 66.97 66.69 67.16 6.833 7.121 6.713 7.021 
2 (1) 11.16 448.17 66.24 66.54 66.78 66.82 6.826 6.447 6.760 6.546 
2 (2) 11.24 449.19 66.59 67.39 67.59 66.31 6.832 6.456 6.813 6.786 
2 (3) 10.85 
 
67.49 66.44 66.97 67.22 6.366 6.573 6.616 6.638 
2 (4) 10.75 447.95 65.98 67.34 66.81 65.59 6.471 6.354 6.226 6.499 
2 (5) 10.87 448.46 66.13 67.24 67.89 67.47 6.610 6.800 6.831 6.908 
2 (6) 11.95 
 
68.49 68.99 68.70 67.60 7.264 7.343 7.498 7.535 
3 (1) 11.30 450.40 65.50 67.9 68.15 66.93 6.980 7.221 7.066 7.268 
3 (2) 11.02 449.54 67.35 64.56 66.92 68.26 6.606 6.737 6.43 6.572 
3 (3) 11.21 
 
67.34 66.89 67.85 67.84 6.762 6.788 6.945 6.822 
3 (4) 10.84 451.03 67.21 67.47 66.70 66.18 6.716 6.46 6.872 6.692 
3 (5) 10.63 453.13 68.10 66.88 65.72 66.83 6.155 6.267 6.459 6.662 
3 (6) 10.96 
 





Table 8: Container dimensions (0.4%GTE) 
Repetition 1 2 3 
Mass of container (g) 42.29 42.29 42.29 
Mass of full container (g) 459.75 459.75 465.29 
Volume (cm
3
) 594.36 594.36 594.36 
Density of seeds (g/cm
3













Length (mm) Width(mm) 
1 (1) 10.91 447.72 66.44 66.31 67.30 67.44 6.288 6.443 6.401 6.473 
1 (2) 10.40 447.79 66.51 66.75 66.65 65.57 6.631 6.816 6.427 6.888 
1 (3) 10.50 
 
66.37 67.24 66.21 65.79 6.165 6.385 6.483 6.322 
1 (4) 10.64 447.14 66.73 67.14 66.48 66.28 6.366 6.275 6.468 6.454 
1 (5) 10.23 447.87 67.36 66.22 66.53 66.17 6.397 6.287 6.543 6.390 
1 (6) 9.88 
 
67.12 67.19 66.79 67.46 5.827 5.956 5.982 5.852 
2 (1) 11.60 447.94 68.24 68.01 67.46 67.03 7.028 7.034 6.927 7.135 
2 (2) 12.05 447.86 67.77 66.97 67.41 67.63 6.894 7.377 7.246 7.426 
2 (3) 11.59 
 
66.20 67.65 68.05 67.01 6.852 6.856 6.900 7.051 
2 (4) 11.53 447.44 66.70 66.31 67.48 68.18 6.556 6.862 6.981 7.103 
2 (5) 12.22 448.06 68.12 67.59 67.89 68.45 7.324 7.244 7.267 7.433 
2 (6) 11.56 
 
66.62 68.28 68.15 66.54 6.434 6.293 6.861 6.620 
3 (1) 11.00 451.00 65.57 66.60 66.58 65.93 6.635 6.342 6.397 6.528 
3 (2) 11.55 451.53 65.82 66.90 67.09 65.96 7.388 6.831 7.343 6.968 
3 (3) 11.56 
 
65.88 66.00 67.02 66.48 6.844 6.824 6.986 7.053 
3 (4) 11.54 449.24 66.40 66.45 67.19 66.01 7.088 7.144 7.079 7.34 
3 (5) 10.95 449.66 66.13 65.97 67.33 67.11 6.672 6.880 6.956 7.143 
3 (6) 11.84 
 












Table 10: Container dimensions (0.6%GTE) 
Repetition 1 2 3 
Mass of container (g) 42.29 42.29 42.29 
Mass of full container (g) 459.75 465.29 465.29 
Volume (cm
3
) 594.36 594.36 594.36 
Density of seeds (g/cm
3














Length (mm) Width(mm) 
1 (1) 12.45 446.59 67.44 68.17 68.21 67.43 7.427 7.386 7.418 7.441 
1 (2) 11.76 446.56 67.08 67.74 67.73 66.30 6.899 6.978 6.529 6.837 
1 (3) 11.74 
 
66.77 67.13 67.24 67.42 6.424 6.415 6.511 6.610 
1 (4) 10.63 449.51 66.16 67.11 66.25 65.70 5.920 6.359 6.278 6.297 
1 (5) 12.71 449.30 67.28 68.21 67.86 66.82 6.810 7.174 7.120 7.120 
1 (6) 11.65 
 
66.54 67.45 66.94 66.41 6.656 6.792 6.897 6.755 
2 (1) 11.75 451.45 66.67 66.78 68.04 68.02 6.531 6.638 6.728 6.861 
2 (2) 11.92 451.04 67.61 67.53 67.09 67.90 6.936 6.651 6.864 6.912 
2 (3) 10.74 
 
67.57 66.54 67.06 67.20 6.509 6.466 6.509 6.696 
2 (4) 12.52 450.11 67.62 68.13 68.24 67.77 7.341 6.936 6.861 7.360 
2 (5) 12.02 450.01 68.72 67.72 67.50 67.68 6.829 7.058 6.935 6.857 
2 (6) 11.43 
 
67.33 67.36 67.87 68.38 6.934 6.643 6.690 6.721 
3 (1) 12.64 449.28 67.57 67.77 67.84 67.38 7.180 7.170 7.500 7.366 
3 (2) 12.66 450.20 67.66 68.07 67.13 67.40 7.463 7.027 7.259 7.298 
3 (3) 11.59 
 
67.68 67.65 67.71 67.59 6.795 6.695 6.761 6.681 
3 (4) 11.28 450.74 68.28 67.01 66.78 67.14 7.194 6.589 6.523 6.840 
3 (5) 11.43 452.36 67.22 67.29 67.62 67.21 7.216 6.700 6.611 6.534 
3 (6) 10.93 
 











Table 12: Container dimensions (0.8%GTE) 
Repetition 1 2 3 
Mass of container (g) 42.29 42.29 42.29 
Mass of full container (g) 452.41 459.75 459.75 
Volume (cm
3
) 594.36 594.36 594.36 
Density of seeds (g/cm
3














Length (mm) Width(mm) 
1 (1) 11.14 441.69 66.53 66.79 67.17 67.52 7.879 7.967 7.700 7.795 
1 (2) 11.34 443.53 65.97 66.94 67.47 66.83 6.231 6.412 6.339 6.539 
1 (3) 11.07 
 
65.74 65.8 66.18 66.91 6.328 6.408 6.851 6.678 
1 (4) 11.42 444.32 66.75 66.38 66.08 66.23 6.853 6.779 6.799 6.812 
1 (5) 11.22 443.12 65.24 66.56 66.37 65.69 5.989 6.159 6.287 6.422 
1 (6) 11.80 
 
66.16 66.12 66.79 65.77 6.066 6.394 6.390 6.760 
2 (1) 10.91 446.30 65.20 65.80 66.23 66.51 7.038 6.859 6.581 6.997 
2 (2) 10.32 446.08 66.05 66.43 67.16 65.81 5.951 6.369 6.504 6.514 
2 (3) 11.07 
 
65.75 66.48 67.15 65.77 6.47 6.441 6.690 7.515 
2 (4) 10.91 
 
67.33 67.08 66.61 66.81 6.639 6.751 6.910 6.945 
2 (5) 10.36 444.14 65.24 66.56 66.37 65.69 6.269 6.450 6.404 6.539 
2 (6) 12.02 444.21 68.14 67.87 67.42 67.99 6.998 7.370 7.460 7.166 
3 (1) 12.03 447.86 67.44 66.52 66.55 67.33 7.417 7.228 7.041 7.169 
3 (2) 11.27 448.28 65.79 66.48 66.85 66.49 6.700 6.607 6.893 6.552 
3 (3) 12.36 
 
66.65 66.20 66.37 66.61 6.912 7.733 7.430 7.336 
3 (4) 10.81 
 
65.66 65.63 67.03 66.46 6.920 6.572 6.684 6.755 
3 (5) 11.26 449.24 66.98 67.00 66.84 65.96 6.894 6.760 7.103 6.967 










3. Biscuit Mechanical Properties Raw Data 
3.1 Tabulated Raw Data 
Table 14: Fracture Stress Raw Data 
  Fracture Stress (Nm
-2
) 
Trial Repetition Control GTE2 GTE4 GTE6 GTE8 
1 1 304.36 433.70 418.83 475.48 465.87 
1 2 280.17 348.21 584.90 509.30 410.24 
1 3 253.39 440.11 527.82 344.14 430.94 
1 4 269.97 452.45 411.72 415.16 434.51 
1 5 408.37 423.00 419.47 346.00 446.84 
1 6 293.51 341.79 369.68 392.45 519.32 
1 7 364.64 346.53 551.43 402.14 355.09 
1 8 346.33 382.85 475.20 475.45 340.16 
1 9 316.55 355.72 462.93 319.02 419.76 
1 10 335.90   467.64 302.08 421.54 
1 11 336.85 360.18 312.50 441.15 395.18 
1 12 375.90 375.52 369.56 413.35 452.42 
2 1 292.93 391.50 388.39 480.01 309.20 
2 2 315.85 361.30 420.74 466.08 397.16 
2 3 305.01 400.00 413.76 431.89 410.78 
2 4 292.07 312.03 462.75 507.67 359.14 
2 5 343.96 382.56 366.11 335.86 449.58 
2 6 310.33 461.89 412.61 468.54 352.07 
2 7 351.31 339.86 399.69 424.65 453.29 
2 8 373.16 370.63 369.20 481.19 398.27 
2 9 284.05 438.11 482.69 526.25 414.60 
2 10 290.06 348.72 426.97 449.41 546.93 
2 11 324.46 480.86  381.30 407.38 
2 12 382.93 415.55 372.65  472.66 
3 1 283.78 359.17 396.87 484.38  
3 2 368.90 473.09 497.40 372.83 391.17 
3 3 348.72 405.27 420.71 317.81 391.14 
3 4 324.54 390.94 351.34 337.68 485.87 
3 5 433.83 405.68 347.61 362.23 386.52 
3 6 311.23 324.31 368.54 377.18 540.95 
3 7 335.45 471.90 288.58 413.44 413.74 
3 8 264.83 365.56 324.56 507.13 389.91 
3 9 339.83 519.39 367.40 445.84 366.66 
3 10 285.84 380.86 464.17 440.37 395.18 
3 11 420.36 416.02 390.09 483.00 391.31 





Table 15: Curve distance raw data 
  Curve Distance (kg) 
Trial Repetition Control GTE2 GTE4 GTE6 GTE8 
1 1 7.587 7.466 7.817 6.800 7.816 
1 2 7.923 7.818 6.780 6.970 7.336 
1 3 7.107 7.144 7.032 7.683 7.259 
1 4 7.641 6.612 7.479 7.385 6.304 
1 5 7.864 8.155 7.030 6.135 7.361 
1 6 7.621 7.192 6.967 6.475 6.358 
1 7 7.446 7.543 7.585 6.989 7.732 
1 8 7.760 8.969 7.369 7.207 7.201 
1 9 7.257 8.612 7.809 7.165 7.169 
1 10 6.587 7.546 7.051 6.765 7.108 
1 11 8.418 7.683 7.367 6.588 7.022 
1 12 6.957 6.711 7.904 7.569 7.409 
2 1 8.166 6.521 7.835 6.794 5.805 
2 2 7.071 7.041 8.227 7.733 6.767 
2 3 7.148 7.648 7.757 6.987 6.360 
2 4 7.728 7.929 8.653 7.135 7.212 
2 5 7.092 7.592 6.422 7.189 6.716 
2 6 7.164 8.899 8.232 7.412 7.084 
2 7 7.365 7.057 7.524 7.004 5.690 
2 8 7.300 7.947 7.226 6.162 5.326 
2 9 7.204 6.892 7.039 7.892 6.547 
2 10 7.309 7.380 7.457 6.822 6.970 
2 11 8.091 6.954 7.497 7.802 7.597 
2 12 7.032 7.786 7.581 8.024 6.157 
3 1 7.270 7.103 7.876 7.380 6.992 
3 2 7.252 7.552 8.303 6.719 7.328 
3 3 6.549 7.706 6.036 7.142 6.355 
3 4 6.962 7.654 6.807 6.654 7.101 
3 5 6.979 7.867 7.462 7.129 7.522 
3 6 6.887 7.921 7.978 7.072 7.705 
3 7 7.764 7.753 7.440 7.539 7.265 
3 8 7.689 7.197 8.239 6.361 7.131 
3 9 7.789 6.879 7.224 6.672 7.221 
3 10 9.170 7.667 7.250 7.115 6.773 
3 11 7.181 8.310 7.681 7.229 7.667 





Table 16: Stickiness force raw data 
  Stickiness force (g) 
Trial Repetition control 0.2%GTE 0.4%GTE 0.6%GTE 0.8%GTE 
1 1 20.274 28.594 32.356 32.257 33.403 
1 2 21.983 28.055 34.041 30.892 29.504 
1 3 25.583 33.822 32.287 38.449 33.598 
1 4 25.044 34.418 29.375 35.421 32.061 
1 5 23.382 31.506 33.193 36.683 34.836 
1 6 20.870 34.223 35.038 33.782 32.084 
1 7 25.044 31.323 38.845 38.208 30.800 
1 8 23.783 31.334 34.740 34.389 27.853 
1 9 17.831 32.503 32.069 42.565 32.795 
1 10 17.946 32.343 32.952 40.169 29.561 
1 11 26.569 33.914 35.119 39.825 29.355 
1 12 25.067 31.712 33.410 36.901 28.678 
2 1 25.182 34.068 36.185 32.956 29.034 
2 2 24.677 33.300 36.999 32.612 28.427 
2 3 28.278 30.869 33.307 32.761 29.172 
2 4 27.166 30.881 35.761 32.176 27.785 
2 5 31.454 34.172 34.740 41.281 29.286 
2 6 31.179 31.064 38.306 38.793 26.833 
2 7 27.384 34.321 34.637 33.151 32.324 
2 8 27.051 31.144 34.947 27.566 33.481 
2 9 23.175 30.835 35.451 43.001 32.198 
2 10 23.072 33.828 33.467 40.329 33.218 
2 11 23.829 31.844 29.541 34.217 31.512 
2 12 24.161 31.890 28.371 34.401 32.464 
3 1 30.571 29.230 37.212 36.981 33.622 
3 2 30.032 31.501 35.274 33.198 31.375 
3 3 24.198 28.634 34.919 37.359 32.349 
3 4 25.573 29.196 33.497 34.585 27.361 
3 5 29.138 33.703 35.263 36.901 37.005 
3 6 23.934 33.783 36.501 41.371 35.801 
3 7 29.964 33.783 34.609 40.810 35.434 
3 8 27.568 31.822 33.554 38.563 37.739 
3 9 31.179 31.363 36.008 36.958 37.774 
3 10 29.150 32.877 37.281 35.067 38.748 
3 11 30.995 26.604 36.662 43.401 34.620 





4. Biscuit Colour Raw Data 
Table 17: L* raw data 
  L* 
Trial Repetition control 0.2%GTE 0.4%GTE 0.6%GTE 0.8%GTE 
1 1 83.17 71.53 65.86 64.58 59.88 
1 2 83.86 71.62 65.69 63.90 60.75 
1 3 84.18 72.21 66.32 63.98 60.81 
1 4 84.73 71.72 65.76 63.50 60.65 
1 5 84.62 71.61 65.93 63.39 60.27 
1 6 85.20 71.88 65.77 63.20 60.15 
1 7 84.58 70.61 66.34 64.09 60.66 
1 8 84.52 71.43 65.90 64.41 60.31 
1 9 84.04 72.01 66.11 64.40 60.38 
1 10 83.82 71.64 66.95 63.19 60.32 
1 11 83.74 72.25 66.34 62.36 60.23 
1 12 84.14 71.85 66.89 62.58 60.67 
1 13 84.48 72.06 66.23 64.42 62.11 
1 14 84.44 72.27 65.98 64.19 61.41 
1 15 84.74 72.28 66.82 63.82 61.06 
1 16 84.67 72.09 66.16 64.17 61.09 
1 17 84.53 71.42 67.55 64.40 61.47 
1 18 84.42 72.14 67.20 64.37 61.02 
2 1 82.76 73.87 68.3 63.12 62.52 
2 2 83.14 74.69 68.32 63.49 62.05 
2 3 83.31 74.33 68.58 62.63 62.28 
2 4 82.50 72.92 68.57 64.09 62.65 
2 5 83.11 72.56 68.91 63.71 63.03 
2 6 82.45 72.83 68.25 63.75 63.55 
2 7 83.39 73.15 68.18 63.67 61.21 
2 8 83.90 72.80 68.65 62.97 61.96 
2 9 83.34 73.58 68.75 63.49 61.42 
2 10 82.03 73.05 67.84 63.63 63.73 
2 11 82.30 72.52 68.34 62.63 64.75 
2 12 82.46 73.02 67.81 62.90 63.96 
2 13 81.46 73.71 68.31 63.21 62.59 
2 14 81.09 73.56 68.38 63.10 61.66 
2 15 81.22 73.94 68.88 63.40 61.72 
2 16 82.17 74.07 68.31 63.46 63.02 
2 17 82.73 73.61 67.66 62.33 62.75 
2 18 82.31 73.66 68.14 63.73 62.35 
3 1 83.52 72.38 68.66 66.06 60.43 
3 2 83.17 72.93 68.65 66.82 60.28 
3 3 83.65 72.57 68.65 66.27 60.78 
3 4 83.40 72.62 68.25 65.67 60.22 
3 5 82.63 72.18 68.10 65.72 60.04 
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3 6 83.46 72.36 67.8 66.03 60.00 
3 7 83.03 73.30 67.56 65.44 58.69 
3 8 82.70 73.62 68.28 65.94 58.33 
3 9 83.44 73.18 67.71 65.63 58.08 
3 10 83.92 72.91 68.26 64.95 61.43 
3 11 84.52 73.72 68.24 65.07 61.70 
3 12 83.77 73.71 68.16 64.75 62.20 
3 13 84.64 72.52 67.16 65.99 59.14 
3 14 84.74 72.44 67.76 66.38 58.83 
3 15 84.28 72.68 67.30 66.07 60.09 
3 16 82.68 72.99 66.97 66.07 59.67 
3 17 83.39 73.42 66.62 66.14 59.17 
3 18 82.92 72.64 66.70 65.72 59.44 
 
 
Table 18: a* raw data 
  a* 
Trial Repetition control 0.2%GTE 0.4%GTE 0.6%GTE 0.8%GTE 
1 1 3.02 6.40 7.83 7.60 9.28 
1 2 2.93 6.42 7.86 8.01 8.96 
1 3 3.00 6.03 7.59 7.75 8.73 
1 4 2.13 5.88 7.80 7.75 9.03 
1 5 2.17 6.08 7.55 7.74 9.24 
1 6 1.52 6.15 7.65 7.71 9.44 
1 7 2.48 6.51 6.90 7.75 8.90 
1 8 2.57 6.37 7.31 7.70 9.28 
1 9 2.86 6.15 7.46 7.67 9.10 
1 10 3.18 6.34 7.63 8.10 8.92 
1 11 3.34 6.09 7.85 8.54 9.12 
1 12 2.90 6.49 7.71 8.41 8.92 
1 13 2.22 6.01 7.56 7.74 8.69 
1 14 2.64 5.93 7.69 7.68 9.00 
1 15 2.37 5.90 7.45 8.00 9.13 
1 16 2.30 5.87 7.55 7.62 8.85 
1 17 2.41 6.43 7.04 7.68 8.84 
1 18 2.57 6.22 7.03 7.77 9.01 
2 1 4.00 5.74 7.01 8.51 9.02 
2 2 3.99 5.17 7.40 8.06 9.57 
2 3 3.90 5.50 7.18 8.01 9.29 
2 4 4.40 6.16 7.16 7.90 9.25 
2 5 3.97 6.28 7.02 8.16 9.33 
2 6 4.75 6.20 7.27 8.05 8.69 
2 7 3.63 6.03 7.36 7.72 9.62 
2 8 3.25 6.16 7.17 7.72 9.39 
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2 9 3.60 5.76 7.17 7.49 9.62 
2 10 5.03 5.74 6.77 7.69 8.96 
2 11 4.91 5.99 6.70 7.72 8.74 
2 12 4.74 5.92 7.16 7.80 8.98 
2 13 4.96 5.84 6.92 8.25 9.43 
2 14 5.42 5.94 6.80 8.41 9.57 
2 15 5.66 5.80 7.03 8.50 9.87 
2 16 4.57 5.16 7.25 7.92 8.75 
2 17 4.26 5.21 7.40 8.32 8.90 
2 18 4.48 5.35 7.29 8.03 9.26 
3 1 3.43 6.53 7.20 7.88 8.00 
3 2 3.92 6.15 7.41 7.62 7.74 
3 3 3.39 6.19 7.25 7.85 7.85 
3 4 3.89 6.13 7.37 8.34 8.48 
3 5 4.48 6.32 7.65 8.44 8.29 
3 6 3.79 6.38 7.88 8.18 8.39 
3 7 3.96 5.71 7.68 7.94 7.59 
3 8 4.56 5.66 7.53 8.09 7.45 
3 9 3.65 5.69 7.51 8.17 7.49 
3 10 3.33 5.89 7.81 8.01 8.70 
3 11 2.82 5.27 7.93 8.09 8.52 
3 12 3.31 5.32 7.87 8.05 8.42 
3 13 2.46 6.35 8.25 7.81 9.70 
3 14 2.44 6.35 8.15 7.74 9.55 
3 15 2.60 5.88 8.02 7.70 9.10 
3 16 4.26 6.03 8.26 8.03 8.47 
3 17 3.90 5.74 8.72 7.72 8.19 
3 18 4.19 6.14 8.34 8.18 8.18 
 
 
Table 19: b* raw data 
  b* 
Trial Repetition control 0.2%GTE 0.4%GTE 0.6%GTE 0.8%GTE 
1 1 30.04 25.32 23.71 21.49 21.56 
1 2 30.11 25.69 23.65 21.85 21.64 
1 3 30.06 25.06 23.44 21.50 21.26 
1 4 28.98 25.01 23.65 21.61 21.67 
1 5 29.32 24.79 23.21 21.58 21.66 
1 6 28.57 25.40 23.27 21.07 21.78 
1 7 29.40 25.52 22.05 21.28 21.13 
1 8 29.39 25.88 22.73 21.15 21.75 
1 9 29.54 25.38 23.40 21.41 21.47 
1 10 30.15 25.56 23.85 21.58 21.86 
1 11 30.52 25.30 24.19 22.65 21.92 
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1 12 29.93 25.79 24.04 22.08 21.97 
1 13 28.90 25.01 23.19 21.67 21.71 
1 14 29.55 24.98 23.31 21.68 21.76 
1 15 29.11 24.90 23.28 21.98 21.79 
1 16 29.27 24.63 23.40 21.56 21.79 
1 17 29.34 25.36 22.75 21.56 21.88 
1 18 29.42 25.48 22.93 21.65 21.78 
2 1 31.63 25.02 23.19 22.81 22.34 
2 2 31.30 24.07 23.82 22.12 22.61 
2 3 31.38 24.73 23.4 21.80 22.72 
2 4 31.70 25.11 23.65 22.22 21.97 
2 5 31.29 25.45 23.47 22.48 22.03 
2 6 32.05 25.10 23.85 22.20 22.04 
2 7 31.40 25.37 23.75 21.15 22.96 
2 8 30.87 25.35 23.71 21.18 22.59 
2 9 31.40 25.06 23.84 21.29 22.73 
2 10 32.18 24.87 22.85 21.49 22.82 
2 11 32.45 24.93 22.83 21.28 22.18 
2 12 32.31 25.09 23.33 21.41 22.60 
2 13 32.03 25.50 23.29 22.11 22.70 
2 14 32.65 25.75 23.10 22.34 22.60 
2 15 32.97 25.47 23.59 22.76 23.14 
2 16 32.07 24.11 23.81 21.91 22.47 
2 17 31.96 23.84 23.67 21.88 22.20 
2 18 32.18 24.08 23.67 22.12 23.15 
3 1 31.07 25.80 23.23 22.75 20.32 
3 2 31.34 25.26 23.69 22.56 19.59 
3 3 31.12 25.21 23.64 22.62 20.02 
3 4 31.00 25.42 23.92 23.14 20.39 
3 5 31.67 25.73 24.09 23.61 20.15 
3 6 30.79 25.93 24.21 23.32 20.41 
3 7 31.53 24.62 24.20 22.90 18.71 
3 8 32.06 24.52 23.86 23.19 18.37 
3 9 30.89 24.70 23.95 23.62 18.41 
3 10 30.78 25.03 24.53 22.72 21.47 
3 11 30.28 24.44 24.68 23.21 21.68 
3 12 30.68 24.47 24.34 23.16 21.46 
3 13 29.83 25.75 25.09 22.97 22.02 
3 14 30.31 25.61 24.86 22.77 21.43 
3 15 30.05 24.98 24.50 22.51 21.27 
3 16 31.50 25.39 25.03 23.33 20.86 
3 17 31.40 24.81 25.43 22.66 20.29 





5. SPSS results 





Deviation Std. Error 
95% Confidence Interval for 
Mean 
Minimum Maximum  Lower Bound Upper Bound 
1.00 18 9.9700 .80179 .18898 9.5713 10.3687 8.84 11.78 
2.00 18 7.9773 1.15248 .27164 7.4042 8.5504 6.26 10.22 
3.00 18 7.5818 1.05142 .24782 7.0589 8.1046 6.41 10.75 
4.00 18 6.8412 .71590 .16874 6.4852 7.1972 5.81 8.38 
5.00 18 6.0888 .61408 .14474 5.7835 6.3942 5.30 7.52 
Total 90 7.6918 1.57868 .16641 7.3612 8.0225 5.30 11.78 
Test of Homogeneity of Variances 
Dstickiness 
Levene Statistic df1 df2 Sig. 
1.598 4 85 .182 
ANOVA 
Dstickiness 
 Sum of Squares df Mean Square F Sig. 
Between Groups 154.383 4 38.596 48.656 .000 
Within Groups 67.425 85 .793   
Total 221.807 89    
 






Subset for alpha = 0.05 
1 2 3 4 
5.00 18 6.0888    
4.00 18  6.8412   
3.00 18   7.5818  
2.00 18   7.9773  
1.00 18    9.9700 
Sig.  1.000 1.000 .186 1.000 
a. Uses Harmonic Mean Sample Size = 18.000. Means for groups in homogeneous subsets are 
displayed. 





Deviation Std. Error 
95% Confidence Interval for 
Mean 
Minimum Maximum  Lower Bound Upper Bound 
1.00 18 .6851 .04101 .00967 .6647 .7054 .62 .76 
2.00 18 .6421 .03273 .00771 .6258 .6584 .58 .70 
3.00 18 .6374 .03000 .00707 .6225 .6523 .58 .70 
4.00 18 .6324 .03732 .00880 .6139 .6510 .58 .72 
5.00 18 .6107 .03708 .00874 .5923 .6292 .54 .68 
Total 90 .6415 .04268 .00450 .6326 .6505 .54 .76 




Levene Statistic df1 df2 Sig. 
.700 4 85 .594 
ANOVA 
Cohesiveness 
 Sum of Squares df Mean Square F Sig. 
Between Groups .053 4 .013 10.315 .000 
Within Groups .109 85 .001   
Total .162 89    
 




Subset for alpha = 0.05 
1 2 3 
5.00 18 .6107   
4.00 18 .6324 .6324  
3.00 18  .6374  
2.00 18  .6421  
1.00 18   .6851 
Sig.  .073 .451 1.000 
Means for groups in homogeneous subsets are displayed. 









Deviation Std. Error 
95% Confidence Interval for 
Mean 
Minimum Maximum  Lower Bound Upper Bound 
1.00 12 .4835 .01870 .00540 .4716 .4954 .46 .51 
2.00 12 .5043 .01756 .00507 .4932 .5155 .48 .53 
3.00 12 .5090 .01414 .00408 .5000 .5179 .49 .53 
4.00 12 .5113 .01574 .00454 .5013 .5213 .50 .54 
5.00 12 .5196 .02666 .00770 .5027 .5365 .48 .56 
Total 60 .5055 .02207 .00285 .4998 .5112 .46 .56 
ANOVA 
density 
 Sum of Squares df Mean Square F Sig. 
Between Groups .009 4 .002 6.029 .000 
Within Groups .020 55 .000   
Total .029 59    
 













Subset for alpha = 0.05 
1 2 
1.00 12 .4835  
2.00 12  .5043 
3.00 12  .5090 
4.00 12  .5113 
5.00 12  .5196 
Sig.  1.000 .077 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 12.000. 
 





Deviation Std. Error 
95% Confidence Interval for 
Mean 
Minimum Maximum  Lower Bound Upper Bound 
1.00 18 67.1407 .68415 .16126 66.8005 67.4809 66.00 68.58 
2.00 18 67.1964 .53208 .12541 66.9318 67.4610 66.43 68.45 
3.00 18 66.8750 .52199 .12303 66.6154 67.1346 66.17 68.01 
4.00 18 67.3646 .44154 .10407 67.1450 67.5842 66.31 67.94 
5.00 18 66.5128 .48159 .11351 66.2733 66.7523 65.94 67.86 





 Sum of Squares df Mean Square F Sig. 
Between Groups 7.969 4 1.992 6.867 .000 
Within Groups 24.659 85 .290   
Total 32.627 89    
 




Subset for alpha = 0.05 
1 2 3 
5.00 18 66.5128   
3.00 18  66.8750  
1.00 18  67.1407 67.1407 
2.00 18  67.1964 67.1964 
4.00 18   67.3646 
Sig.  1.000 .094 .244 
Means for groups in homogeneous subsets are displayed. 










Deviation Std. Error 
95% Confidence Interval for 
Mean 
Minimum Maximum  Lower Bound Upper Bound 
1.00 18 6.0928 .24241 .05714 5.9723 6.2134 5.64 6.59 
2.00 18 5.9742 .23545 .05550 5.8571 6.0913 5.36 6.29 
3.00 18 5.9915 .34565 .08147 5.8196 6.1633 5.57 6.80 
4.00 18 5.7388 .29143 .06869 5.5938 5.8837 5.31 6.25 
5.00 18 5.9485 .28707 .06766 5.8058 6.0913 5.38 6.43 
Total 90 5.9492 .30036 .03166 5.8862 6.0121 5.31 6.80 
ANOVA 
thickness 
 Sum of Squares df Mean Square F Sig. 
Between Groups 1.212 4 .303 3.777 .007 
Within Groups 6.817 85 .080   
Total 8.029 89    
 











Subset for alpha = 0.05 
1 2 
4.00 18 5.7388  
5.00 18  5.9485 
2.00 18  5.9742 
3.00 18  5.9915 
1.00 18  6.0928 
Sig.  1.000 .168 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 18.000. 
 















1.00 35 327.6959 44.21279 7.47332 312.5083 342.8835 253.39 433.83 
2.00 35 395.0793 49.61621 8.38667 378.0356 412.1231 312.03 519.39 
3.00 35 414.5986 65.36642 11.04894 392.1445 437.0528 288.58 584.90 
4.00 35 421.8753 62.54768 10.57249 400.3894 443.3612 302.08 526.25 
5.00 35 419.3738 53.38336 9.02344 401.0359 437.7116 309.20 546.93 
Total 175 395.7246 65.35990 4.94074 385.9731 405.4761 253.39 584.90 





Statistic df1 df2 Sig. 





Squares df Mean Square F Sig. 
Between Groups 217969.223 4 54492.306 17.634 .000 
Within Groups 525344.310 170 3090.261   
Total 743313.533 174    
 




Subset for alpha = 0.05 
1 2 
1.00 35 327.6959  
2.00 35  395.0793 
3.00 35  414.5986 
5.00 35  419.3738 
4.00 35  421.8753 
Sig.  1.000 .066 
Means for groups in homogeneous subsets are 
displayed. 









Deviation Std. Error 
95% Confidence Interval for 
Mean 
Minimum Maximum  Lower Bound Upper Bound 
1.00 36 7.3957 .57454 .09576 7.2013 7.5901 6.36 9.17 
2.00 36 7.6089 .64079 .10680 7.3921 7.8257 6.52 9.21 
3.00 36 7.4930 .54336 .09056 7.3092 7.6769 6.04 8.65 
4.00 36 7.0782 .45900 .07650 6.9229 7.2335 6.14 8.02 
5.00 36 6.9653 .59793 .09965 6.7630 7.1676 5.33 7.82 
Total 180 7.3082 .61200 .04562 7.2182 7.3982 5.33 9.21 
Test of Homogeneity of Variances 
Fracturability 
Levene Statistic df1 df2 Sig. 
.714 4 175 .584 
ANOVA 
Fracturability 
 Sum of Squares df Mean Square F Sig. 
Between Groups 10.898 4 2.725 8.492 .000 
Within Groups 56.145 175 .321   
Total 67.043 179    
 







Subset for alpha = 0.05 
1 2 
5.00 36 6.9653  
4.00 36 7.0782  
1.00 36  7.3957 
3.00 36  7.4930 
2.00 36  7.6089 
Sig.  .399 .134 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 36.000. 





Deviation Std. Error 
95% Confidence Interval for 
Mean 
Minimum Maximum  Lower Bound Upper Bound 
1.00 36 25.8102 3.58190 .59698 24.5982 27.0221 17.83 31.45 
2.00 36 31.7370 2.07788 .34631 31.0339 32.4400 26.60 34.42 
3.00 36 34.5148 2.33941 .38990 33.7233 35.3063 28.37 38.85 
4.00 36 36.5763 3.75614 .62602 35.3054 37.8472 27.57 43.40 







Deviation Std. Error 
95% Confidence Interval for 
Mean 
Minimum Maximum  Lower Bound Upper Bound 
1.00 36 25.8102 3.58190 .59698 24.5982 27.0221 17.83 31.45 
2.00 36 31.7370 2.07788 .34631 31.0339 32.4400 26.60 34.42 
3.00 36 34.5148 2.33941 .38990 33.7233 35.3063 28.37 38.85 
4.00 36 36.5763 3.75614 .62602 35.3054 37.8472 27.57 43.40 
5.00 36 32.1191 3.14716 .52453 31.0542 33.1839 26.83 38.75 
Total 180 32.1515 4.72245 .35199 31.4569 32.8461 17.83 43.40 
ANOVA 
stickiness 
 Sum of Squares df Mean Square F Sig. 
Between Groups 2359.791 4 589.948 63.253 .000 
Within Groups 1632.179 175 9.327   
Total 3991.970 179    
 




Subset for alpha = 0.05 
1 2 3 4 
1.00 36 25.8102    
196 
 
2.00 36  31.7370   
5.00 36  32.1191   
3.00 36   34.5148  
4.00 36    36.5763 
Sig.  1.000 .596 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 










Deviation Std. Error 
95% Confidence Interval for 
Mean 
Minimum Maximum  Lower Bound Upper Bound 
1.00 18 83.4706 .95732 .22564 82.9945 83.9466 81.26 84.85 
2.00 18 72.7172 .81960 .19318 72.3096 73.1248 71.35 74.30 
3.00 18 67.4972 .99287 .23402 67.0035 67.9910 65.82 68.65 
4.00 18 64.3139 1.21436 .28623 63.7100 64.9178 62.71 66.38 
5.00 18 61.0933 1.44210 .33991 60.3762 61.8105 58.37 64.15 
Total 90 69.8184 7.94854 .83785 68.1537 71.4832 58.37 84.85 
ANOVA 
brightness 
 Sum of Squares df Mean Square F Sig. 
Between Groups 5518.779 4 1379.695 1125.671 .000 
Within Groups 104.181 85 1.226   
Total 5622.960 89    
 











Subset for alpha = 0.05 
1 2 3 4 5 
5.00 18 61.0933     
4.00 18  64.3139    
3.00 18   67.4972   
2.00 18    72.7172  
1.00 18     83.4706 
Sig.  1.000 1.000 1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 18.000. 





Deviation Std. Error 
95% Confidence Interval for 
Mean 
Minimum Maximum  Lower Bound Upper Bound 
1.00 18 3.5278 .94646 .22308 3.0571 3.9984 1.94 5.35 
2.00 18 5.9800 .32617 .07688 5.8178 6.1422 5.24 6.34 
3.00 18 7.4883 .40964 .09655 7.2846 7.6920 6.88 8.44 
4.00 18 7.9511 .24602 .05799 7.8288 8.0735 7.64 8.39 
5.00 18 8.8661 .56116 .13227 8.5871 9.1452 7.51 9.62 





 Sum of Squares df Mean Square F Sig. 
Between Groups 313.930 4 78.482 253.921 .000 
Within Groups 26.272 85 .309   
Total 340.202 89    
 




Subset for alpha = 0.05 
1 2 3 4 5 
1.00 18 3.5278     
2.00 18  5.9800    
3.00 18   7.4883   
4.00 18    7.9511  
5.00 18     8.8661 
Sig.  1.000 1.000 1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 










Deviation Std. Error 
95% Confidence Interval for 
Mean 
Minimum Maximum  Lower Bound Upper Bound 
1.00 18 30.7983 1.10922 .26145 30.2467 31.3499 28.96 32.55 
2.00 18 25.1339 .43837 .10332 24.9159 25.3519 24.01 25.69 
3.00 18 23.7261 .63231 .14904 23.4117 24.0406 22.73 25.16 
4.00 18 22.1878 .70580 .16636 21.8368 22.5388 21.21 23.36 
5.00 18 21.5450 1.11295 .26233 20.9915 22.0985 18.50 22.81 
Total 90 24.6782 3.42350 .36087 23.9612 25.3953 18.50 32.55 
ANOVA 
b 
 Sum of Squares df Mean Square F Sig. 
Between Groups 982.607 4 245.652 345.098 .000 
Within Groups 60.506 85 .712   
Total 1043.113 89    
 











Subset for alpha = 0.05 
1 2 3 4 5 
5.00 18 21.5450     
4.00 18  22.1878    
3.00 18   23.7261   
2.00 18    25.1339  
1.00 18     30.7983 
Sig.  1.000 1.000 1.000 1.000 1.000 






Subset for alpha = 0.05 
1 2 3 4 5 
5.00 18 21.5450     
4.00 18  22.1878    
3.00 18   23.7261   
2.00 18    25.1339  
1.00 18     30.7983 
Sig.  1.000 1.000 1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 



















6. Retention rates of catechins in biscuit and biscuit dough 
6.1 Retention of EGCG (300mg/100 g flour) 
Time 1 2 3 Mean Std. dev. 
0 61.73 65.88 66.58 64.73 2.621545 
2 34.28 38.03 36.88 36.39667 1.921154 
4 27.42 27.23 26.69 27.11333 0.378726 
6 23.76 24.78 24.12 24.22 0.517301 
8 22.59 23.18 22.17 22.64667 0.507379 
10 21.14 20.98 21.02 21.04667 0.083267 
 
6.2 Retention of ECG (300 mg/100 g flour) 
Time 1 2 3 Mean Std. dev. 
0 78.1 82.51 89.25 83.28667 5.615428 
2 75.53 79.24 71.81 75.52667 3.715001 
4 50.45 51.68 53.94 52.02333 1.770151 
6 35.48 39.91 36.21 37.2 2.375142 
8 33.46 28.62 30.42 30.83333 2.446331 
10 29.91 28.78 31.28 29.99 1.251919 
 
6.3 Retention of EGCG (200 mg/100 g flour) 
Time 1 2 3 Mean Std. dev. 
0 43.9 43.24 44.21 43.78333 0.495412 
2 8.937 11 10.38 10.10567 1.058507 
4 12.98 13.18 12.48 12.88 0.360555 
6 10.68 10 10.44 10.37333 0.344867 
8 7.66 7.31 7.91 7.626667 0.301386 
10 8.68 6.34 6.5 7.173333 1.307262 
 
6.4 Retention of ECG (200 mg/100 g flour) 
Time 1 2 3 Mean Std. dev. 
0 66.86 73.81 72.74 71.13667 3.742143 
2 63.7 63.122 66.12 64.314 1.590518 
4 54.18 48.53 51.36 51.35667 2.825001 
6 36.28 32.1 31.18 33.18667 2.718112 
8 23.41 22.06 25.41 23.62667 1.685477 






7. Temperature Profiles 
7.1 Oven temperature profiles 
Time 
1400C 
oven Std. dev. 1600C oven Std. dev. 1800C oven Std. dev. 
0 46.56117 4.437394119 48.42267 3.200177724 54.1514 3.448971629 
0.071767 58.046 4.406686011 62.44467 4.057201038 68.4134 3.389277696 
0.143517 69.56583 4.263314411 75.94667 5.247364621 82.5568 3.600878601 
0.215283 79.56933 4.328538722 88.3265 6.247034617 95.5952 3.600901373 
0.28705 88.56167 4.383901854 99.18683 6.871391341 106.8332 3.3102254 
0.358817 96.3175 4.32956417 107.9227 7.35516952 116.447 3.166556884 
0.430567 102.9003 4.418314867 115.5187 7.926261204 124.6776 2.957054835 
0.502333 108.5968 4.232647891 121.84 8.320051226 131.663 3.088490975 
0.5741 113.4218 4.266928985 127.122 8.534513437 137.6078 2.939951904 
0.64585 117.3535 4.149716219 131.4632 8.730671438 142.8442 2.744267425 
0.717617 120.6998 3.938140293 135.1043 8.794625442 147.3644 2.633578231 
0.789383 123.593 3.780825413 138.1797 8.87971706 150.8718 2.50801549 
0.86115 125.9107 3.651772428 140.6877 9.127421425 153.9988 2.359045612 
0.9329 127.935 3.398845392 142.9167 9.224714948 156.8738 2.255312994 
1.004667 129.7398 3.157899518 144.9325 9.305220035 159.5622 2.220596699 
1.076433 131.2915 2.996422183 146.6273 9.37675297 161.7408 2.235288169 
1.148183 132.7973 2.967376192 148.0952 9.482203487 163.6704 2.23004065 
1.21995 134.0818 2.95260227 149.406 9.634685485 165.4496 2.159679212 
1.291717 135.2877 2.8528835 150.7218 9.724360862 167.0372 2.229539796 
1.363483 136.4213 2.675775078 152.1007 9.850123485 168.5878 2.300827612 
1.435233 137.5972 2.517646474 153.3908 9.968633114 170.1114 2.701953608 
1.507 138.7337 2.505536403 154.5368 10.23841608 171.2854 2.970386389 
1.578767 139.9033 2.564293639 155.6875 10.56550509 172.6074 3.191262101 
1.650517 141.0043 2.563074924 156.8543 10.84921495 174.1126 3.469408638 
1.722283 142.15 2.468649509 157.9683 11.0940502 175.8052 3.664925333 
1.79405 143.4338 2.399517403 159.0017 11.26378962 177.212 4.038821734 
1.865817 144.7517 2.356277799 160.1025 11.37910282 178.7098 4.335378899 
1.937567 146.0688 2.33585474 161.2137 11.48414291 180.318 4.573684346 
2.009333 147.3805 2.294960719 162.3502 11.61463893 182.056 4.893038984 
2.0811 148.6495 2.217769307 163.5048 11.68293305 183.751 5.145716374 
2.15285 149.9592 2.137208686 164.5952 11.71938465 185.3024 5.345210033 
2.224617 151.34 2.075320794 165.7243 11.84449919 186.8578 5.453038117 
2.296383 152.7025 1.985566393 167.4023 11.69044033 188.6252 5.538603904 
2.36815 154.0107 1.897649248 168.9613 11.44456954 190.4668 5.622568114 
2.4399 155.3447 1.880837225 170.6315 11.1042735 192.233 5.664032265 
2.511667 156.7473 1.918124987 172.3588 10.63817895 193.879 5.771525751 
2.583433 158.1318 1.894672892 174.1717 10.2753534 195.5652 5.877600208 
2.655183 159.519 1.889732044 175.9488 9.923011809 197.127 5.84432109 
2.72695 160.766 2.00922811 177.6392 9.562211991 198.6664 5.823270456 
2.798717 161.944 2.128618613 179.2447 9.198882968 199.9668 5.800663859 
2.870483 163.0857 2.21705757 180.7738 8.974323182 201.1628 5.774544631 
205 
 
2.942233 164.2188 2.324376253 182.1917 8.721086668 202.242 5.73613572 
3.014 165.3413 2.616120767 183.687 8.429351624 203.4356 5.718537995 
3.085767 166.3972 3.005444754 185.015 8.08338778 204.4142 5.639692696 
3.157517 167.2805 3.301426828 185.9982 7.826440146 205.2504 5.709974895 
3.229283 168.0853 3.627601999 186.8725 7.551366466 206.0052 5.644738896 
3.30105 168.6433 4.024983014 187.716 7.393061179 206.7536 5.741542153 
3.372817 169.1077 4.41996003 188.4123 7.110599178 207.3674 5.788084899 
3.444567 169.3755 4.668415009 188.8202 6.894481225 207.7782 5.85446972 
3.516333 169.4897 4.865530831 189.041 6.827541871 208.0286 5.960686898 
3.5881 169.438 4.995033694 189.018 6.70609991 208.2568 6.031039438 
3.65985 169.3358 5.012991459 188.8598 6.63639985 208.3326 6.102966353 
3.731617 169.171 4.901172227 188.612 6.731257654 208.3218 6.155660704 
3.803383 168.9093 4.769375039 188.2725 6.829839552 208.2458 6.216914162 
3.87515 168.6125 4.808540392 187.9487 6.822617787 208.1244 6.229759169 
3.9469 168.3475 4.765414263 187.692 6.793473721 207.9436 6.177472363 
4.018667 168.1022 4.731661798 187.3525 6.750094955 207.7926 6.170413827 
4.090433 167.8057 4.584741549 186.9297 6.798830243 207.5052 6.116149336 
4.162183 167.4907 4.488714768 186.4972 6.787038984 207.2746 6.080470525 
4.23395 167.28 4.46350154 186.1852 6.685392058 207.0258 5.923209662 
4.305717 166.9978 4.337191184 185.7567 6.682240961 206.7274 5.896472149 
4.377483 166.63 4.190141239 185.3898 6.763850277 206.3814 5.755771955 
4.449233 166.3212 4.090861299 185.0007 6.750892346 206.035 5.610573277 
4.521 166.0595 4.008791227 184.6495 6.696553823 205.7418 5.48858285 
4.592767 165.7163 3.888165051 184.2133 6.71620222 205.3728 5.35247412 
4.664517 165.4103 3.781893265 183.8157 6.754741821 204.93 5.213037119 
4.736283 165.2138 3.666974961 183.4533 6.699738463 204.601 5.102740587 
4.80805 164.9435 3.574638821 183.0387 6.689672299 204.315 4.976102139 
4.879817 164.5942 3.506266015 182.7113 6.721065114 203.9834 4.755102764 
4.951567 164.3605 3.511986717 182.3643 6.614132586 203.6946 4.566315123 
5.023333 164.0507 3.399246838 181.9798 6.693165721 203.3186 4.380639999 
5.0951 163.748 3.354820174 181.5838 6.675743087 203.0232 4.261273483 
5.16685 163.4982 3.320614727 181.3213 6.648171979 202.7278 4.089409823 
5.238617 163.2493 3.216162226 181.0255 6.758570463 202.4658 3.79227975 
5.310383 162.9707 3.200431763 180.7187 6.687579762 202.2 3.577922302 
5.38215 162.6968 3.143398315 180.4467 6.668139161 201.8926 3.453097204 
5.4539 162.4593 3.077047524 180.135 6.680092634 201.6734 3.284690138 
5.525667 162.1692 2.99697577 179.854 6.727762273 201.4376 3.090588585 
5.597433 161.947 2.877118002 179.5497 6.783891351 201.227 2.833583509 
5.669183 161.7337 2.911126082 179.2503 6.732435478 201.0392 2.649195293 
5.74095 161.4737 2.784078639 178.9232 6.746729264 200.8082 2.420041776 
5.812717 161.2357 2.723366348 178.6602 6.792549961 200.6 2.243342484 
5.884483 160.9852 2.736830972 178.387 6.78695652 200.4016 1.927155495 
5.956233 160.7587 2.61250475 178.142 6.866857418 200.2974 1.565085557 
6.028 160.6183 2.608789426 177.9468 6.823922227 200.1842 1.237305015 
6.099767 160.453 2.583138246 177.6532 6.787964449 200.0022 1.025133016 
6.171517 160.2175 2.582264258 177.3657 6.771794907 199.8798 0.930631345 
206 
 
6.243283 160.0178 2.553111859 177.1547 6.813674916 199.7838 0.807874186 
6.31505 159.811 2.499203873 176.9118 6.782696733 199.796 0.883404211 
6.386817 159.5853 2.53579476 176.632 6.776157436 199.7382 1.144322813 
6.458567 159.3903 2.497947851 176.4512 6.753547228 199.6118 1.329277134 
6.530333 159.2602 2.465596838 176.2262 6.692973881 199.511 1.635725833 
6.6021 159.0167 2.430798689 176.065 6.708248654 199.4802 2.011634087 
6.673867 158.7655 2.333710758 175.794 6.786419056 199.4992 2.538650074 
6.745617 158.5447 2.26370746 175.6002 6.823863434 199.4772 3.007182602 
6.817383 158.4147 2.248486661 175.4035 6.882080696 199.4766 3.41040178 
6.88915 158.2617 2.180658127 175.1778 6.893125776 199.4402 3.855793135 
6.9609 158.0467 2.133919461 175.0108 6.96008096 199.4744 4.441007746 
7.032667 157.8563 2.073099194 174.76 6.960751482 199.502 4.982289885 
7.104433 157.6705 2.058692959 174.5535 6.994653065 199.5308 5.423457449 
7.1762 157.5103 2.01140644 174.3088 6.973454335 199.4684 5.852093882 
7.24795 157.3397 2.024991621 174.1805 6.985994954 199.5196 6.258131694 
7.319717 157.1777 1.983455537 173.9967 7.018314745 199.5384 6.849331376 
7.391483 156.9392 1.944993513 173.7445 7.003314323 199.6584 7.434350463 
7.463233 156.8127 1.917790673 173.5603 7.043038483 199.65 7.854721351 
7.535 156.6497 1.940066769 173.4632 7.017878694 199.5532 8.145827318 
7.606767 156.5227 1.899104491 173.306 7.044534364 199.488 8.296152813 
7.678533 156.3538 1.857186842 173.0297 7.022662192 199.3788 8.397430363 
7.750283 156.1795 1.901409346 172.8402 7.001050819 199.2348 8.40727576 
7.82205 156.0133 1.894831356 172.7602 7.042544353 199.0368 8.377939257 
7.893817 155.8515 1.806938931 172.5452 7.117289271 198.847 8.205051158 
7.965567 155.7333 1.798553493 172.3645 7.07532848 198.6422 8.046510933 
8.037333 155.577 1.776753106 172.196 7.076377915 198.4404 7.854448568 
8.1091 155.4273 1.784476132 172.0318 7.085544931 198.2762 7.847156472 
8.180867 155.2877 1.748673516 171.8775 7.070658802 198.0934 7.697610363 
8.252617 155.1875 1.71557416 171.7018 7.074566486 197.9424 7.519362094 
8.324383 155.0582 1.695161044 171.5863 7.106791981 197.6808 7.275115752 
8.39615 154.8913 1.684861023 171.4935 7.085827962 197.5002 7.035071549 
8.4679 154.737 1.683887882 171.353 7.100339682 197.3246 6.833707069 
8.539667 154.5928 1.693057284 171.2128 7.082134521 197.1812 6.718471418 
8.611433 154.4832 1.696712989 171.0412 7.074384791 197.0914 6.636399687 
8.6832 154.349 1.69821047 170.8123 7.016383731 196.961 6.436938752 
8.75495 154.2112 1.669406771 170.7618 7.075313461 196.854 6.346736878 
8.826717 154.0758 1.637727989 170.536 7.061432319 196.6932 6.293000135 
8.898483 153.9768 1.624463901 170.393 7.036488442 196.61 6.275120955 
8.970233 153.8148 1.604249035 170.214 7.033114161 196.5516 6.257295686 
9.042 153.7367 1.533875962 170.1125 7.089456023 196.4916 6.289522899 
9.113767 153.5415 1.521479905 169.9068 7.071122751 196.4194 6.363166374 
9.185533 153.4283 1.494022579 169.783 7.125891074 196.3994 6.384877039 
9.257283 153.3332 1.529332981 169.6527 7.071124597 196.3026 6.45746667 
9.32905 153.2335 1.547582211 169.4693 7.034332738 196.2856 6.687052811 
9.400817 153.105 1.538014434 169.3615 7.041661246 196.3664 6.938980278 
9.472567 152.9668 1.513283373 169.2468 7.05791622 196.3684 7.196472629 
207 
 
9.544333 152.8623 1.496925605 169.1035 7.070149638 196.3388 7.459757952 
9.6161 152.7655 1.509506509 169.0565 7.088435758 196.4014 7.754582471 
9.687867 152.6548 1.485411245 168.9957 7.125013815 196.523 8.105144539 
9.759617 152.522 1.45596195 168.8968 7.175440737 196.6436 8.494984626 
9.831383 152.408 1.507104509 168.8247 7.177367391 196.6966 8.823065896 
9.90315 152.3605 1.507736681 168.6567 7.087366159 196.7178 9.116141876 
9.9749 152.2205 1.452551101 168.544 7.12395671 196.937 9.659785971 
10.04667 152.124 1.463469849 168.3725 7.09397056 196.2754 10.93773074 
 
7.2 Biscuit bottom temperature profiles 
Time 
140C 
bottom Std. dev. 
160C 
bottom Std. dev. 
180C 
bottom Std. dev. 
0 30.5468333 1.826098619 33.4418333 2.896201196 33.8864 2.228602 
0.071767 33.2623333 2.112614462 37.6255 3.662695333 38.1726 2.618946 
0.143517 35.5413333 2.109418846 41.1113333 4.168587323 41.495 2.812168 
0.215283 37.5785 2.053569356 44.2163333 4.675783685 44.1462 2.803009 
0.28705 39.4231667 2.004526719 46.9555 5.000541761 46.3272 2.698988 
0.358817 41.1553333 1.994289213 49.5171667 5.338889526 48.2786 2.611286 
0.430567 42.8381667 2.045198026 51.9693333 5.654368494 50.0414 2.537976 
0.502333 44.4943333 2.169729722 54.4263333 6.009215046 51.7848 2.556386 
0.5741 46.1971667 2.45683963 56.8745 6.220576718 53.5486 2.702773 
0.64585 47.8518333 2.721685317 59.1988333 6.362429832 55.3398 2.923195 
0.717617 49.608 3.012454614 61.4611667 6.367461422 57.2802 3.102243 
0.789383 51.2993333 3.345218299 63.6541667 6.269948498 59.3216 3.319563 
0.86115 52.9695 3.733480133 65.8463333 6.155411982 61.5128 3.456437 
0.9329 54.6383333 4.160910413 68.0508333 6.068215369 63.6818 3.588457 
1.004667 56.3516667 4.591174781 70.2328333 5.987076229 65.8582 3.760759 
1.076433 58.0181667 5.037315055 72.3781667 5.935848294 68.154 4.02495 
1.148183 59.6885 5.465611356 74.553 5.864533809 70.537 4.395266 
1.21995 61.2886667 5.90622457 76.8285 5.837394479 73.0412 4.847056 
1.291717 62.8805 6.276092407 79.2641667 6.008402331 75.6752 5.283572 
1.363483 64.4853333 6.679948583 81.8508333 6.391069219 78.4278 5.697116 
1.435233 66.0908333 7.088792095 84.4593333 6.855568792 81.4056 5.953204 
1.507 67.7091667 7.465959481 87.0806667 7.36139475 84.8028 5.959176 
1.578767 69.3541667 7.75523971 89.5568333 7.876860324 88.9996 5.334744 
1.650517 70.9883333 8.026461005 91.8475 8.153450061 93.0166 4.940549 
1.722283 72.7231667 8.183479344 93.9541667 8.127725129 96.0896 4.554598 
1.79405 74.5195 8.359905328 95.9441667 7.979587268 98.4124 4.234272 
1.865817 76.4605 8.542518382 97.7976667 7.773348974 100.3976 3.959951 
1.937567 78.4135 8.598694918 99.548 7.525204848 102.138 3.773527 
2.009333 80.3868333 8.594416709 101.197333 7.253364782 103.6924 3.565629 
2.0811 82.3975 8.46114351 102.6505 7.072686074 105.0706 3.478333 
2.15285 84.527 8.261042065 104.086167 6.859851235 106.2678 3.349993 
2.224617 86.7916667 7.935222282 105.465667 6.686829104 107.3792 3.25883 
2.296383 88.957 7.441752455 106.760333 6.543047781 108.4212 3.191596 
208 
 
2.36815 90.9615 6.895344973 107.974333 6.426924822 109.3678 3.108174 
2.4399 92.7718333 6.317044037 109.145333 6.323198231 110.3162 3.012926 
2.511667 94.3245 5.817802291 110.2745 6.214779892 111.219 2.916535 
2.583433 95.6976667 5.336828746 111.340333 6.178988515 112.1128 2.847331 
2.655183 96.9613333 4.945186171 112.3695 6.131575678 112.9744 2.79023 
2.72695 98.0436667 4.649250979 113.360833 6.1247356 113.8444 2.744679 
2.798717 99.0646667 4.446675417 114.318167 6.100980394 114.6604 2.70876 
2.870483 99.968 4.377402152 115.274667 6.080540294 115.4966 2.674464 
2.942233 100.829333 4.337782921 116.2235 6.08589585 116.316 2.646658 
3.014 101.645667 4.325188998 117.128667 6.096503577 117.1114 2.645767 
3.085767 102.4115 4.348650768 118.044667 6.082443445 117.9222 2.607437 
3.157517 103.1455 4.362417988 118.912333 6.102698999 118.7226 2.592692 
3.229283 103.877167 4.394520926 119.771833 6.104660201 119.5174 2.584732 
3.30105 104.556667 4.454229705 120.5935 6.10657363 120.3052 2.551584 
3.372817 105.192167 4.514725835 121.398667 6.140818566 121.0652 2.528057 
3.444567 105.832167 4.575315745 122.195333 6.116140798 121.8362 2.510558 
3.516333 106.4145 4.64758874 122.969333 6.135371306 122.6026 2.489607 
3.5881 107.006 4.685098035 123.712833 6.17929185 123.3662 2.460994 
3.65985 107.557 4.745893678 124.467 6.193235245 124.1136 2.43667 
3.731617 108.110833 4.772006765 125.167667 6.236772007 124.8592 2.420423 
3.803383 108.636 4.838890203 125.8805 6.241971251 125.5824 2.4033 
3.87515 109.176333 4.888053955 126.560333 6.278966019 126.3152 2.36449 
3.9469 109.682667 4.931755658 127.224333 6.291590885 127.0204 2.359717 
4.018667 110.171667 4.97443704 127.863333 6.319649378 127.694 2.345957 
4.090433 110.6605 4.992362236 128.490333 6.34052205 128.3896 2.345835 
4.162183 111.1355 5.035172321 129.094167 6.349391417 129.076 2.357394 
4.23395 111.5925 5.067173443 129.6925 6.37124932 129.7034 2.354179 
4.305717 112.037 5.108070242 130.270333 6.375915986 130.355 2.383067 
4.377483 112.468833 5.12150046 130.838167 6.418819188 130.9996 2.38179 
4.449233 112.905167 5.154792194 131.392667 6.442366822 131.619 2.374607 
4.521 113.3265 5.160832946 131.9225 6.485324101 132.2438 2.410698 
4.592767 113.746833 5.187083088 132.446667 6.511814361 132.8268 2.405099 
4.664517 114.1475 5.198535361 132.961 6.535041362 133.4272 2.436298 
4.736283 114.554833 5.211563428 133.460667 6.549787315 133.9958 2.444121 
4.80805 114.9565 5.23527026 133.95 6.566274438 134.5656 2.461131 
4.879817 115.320833 5.245116869 134.4175 6.607827563 135.1182 2.493602 
4.951567 115.716667 5.240356807 134.889167 6.615006982 135.6594 2.517406 
5.023333 116.067 5.256120699 135.346333 6.652576453 136.2116 2.551342 
5.0951 116.4415 5.259545408 135.7675 6.666090691 136.7344 2.555886 
5.16685 116.8135 5.25058651 136.2295 6.708325477 137.2492 2.607941 
5.238617 117.161333 5.256343469 136.657833 6.731283308 137.7798 2.606544 
5.310383 117.519833 5.245316708 137.055 6.730504944 138.2798 2.650061 
5.38215 117.847667 5.245941123 137.469 6.748156578 138.7596 2.662824 
5.4539 118.179167 5.218583694 137.875333 6.788782827 139.2674 2.694358 
5.525667 118.519167 5.221568363 138.253167 6.802015302 139.746 2.727577 
5.597433 118.834167 5.194547234 138.624 6.828462931 140.2134 2.754325 
209 
 
5.669183 119.1555 5.17743843 139.011167 6.862779945 140.6746 2.785757 
5.74095 119.475333 5.156965219 139.381333 6.883531642 141.111 2.815646 
5.812717 119.786 5.136419375 139.733833 6.906244317 141.5694 2.834861 
5.884483 120.095 5.129592654 140.084 6.908843811 142.011 2.858332 
5.956233 120.3915 5.110478324 140.429833 6.932066313 142.4482 2.886246 
6.028 120.6885 5.083604066 140.765833 6.93752692 142.8562 2.909298 
6.099767 120.969 5.066439618 141.097667 6.968265973 143.3078 2.946399 
6.171517 121.262 5.029574932 141.404667 7.002498802 143.7302 2.946183 
6.243283 121.554333 5.029339387 141.728667 7.006006556 144.1444 2.978879 
6.31505 121.830333 4.981078504 142.037333 7.037270598 144.5398 3.000582 
6.386817 122.118 4.993337681 142.3485 7.045835273 144.943 3.007273 
6.458567 122.383333 4.966473987 142.642833 7.050619729 145.3194 3.038977 
6.530333 122.649 4.932106933 142.933833 7.066694345 145.7132 3.060524 
6.6021 122.9245 4.91503708 143.228167 7.072170513 146.1128 3.080153 
6.673867 123.181167 4.899118183 143.508667 7.10360043 146.4896 3.085856 
6.745617 123.432833 4.849676749 143.767167 7.127469549 146.859 3.120658 
6.817383 123.7025 4.818281509 144.058667 7.152118083 147.2636 3.113443 
6.88915 123.952667 4.807271811 144.304 7.14718823 147.6188 3.138816 
6.9609 124.195833 4.789621673 144.5785 7.170174356 147.9622 3.142914 
7.032667 124.451833 4.745981939 144.829167 7.164172623 148.3396 3.16178 
7.104433 124.684167 4.719693864 145.080667 7.187631951 148.6996 3.173878 
7.1762 124.924 4.705425039 145.327667 7.19246527 149.0518 3.176508 
7.24795 125.147667 4.673921166 145.567667 7.209690886 149.405 3.161932 
7.319717 125.401667 4.627238384 145.812 7.234654131 149.7516 3.175247 
7.391483 125.616333 4.606584013 146.029 7.250124882 150.0956 3.182028 
7.463233 125.847167 4.569281318 146.272 7.269212172 150.43 3.181039 
7.535 126.074 4.541872609 146.471333 7.261090102 150.762 3.172916 
7.606767 126.312833 4.514339084 146.7065 7.276513636 151.1012 3.144644 
7.678533 126.526833 4.485304423 146.913833 7.282775883 151.4396 3.161578 
7.750283 126.726167 4.475807074 147.136833 7.297851668 151.7576 3.151146 
7.82205 126.931333 4.443739941 147.341 7.294970267 152.089 3.138924 
7.893817 127.166667 4.428892036 147.536167 7.282615558 152.4378 3.138514 
7.965567 127.377833 4.393246882 147.748833 7.301755006 152.7772 3.111346 
8.037333 127.5655 4.362676094 147.952667 7.32554393 153.0974 3.103116 
8.1091 127.773333 4.338675451 148.1645 7.332544708 153.439 3.094486 
8.180867 127.979833 4.317600974 148.342 7.327484343 153.7534 3.071949 
8.252617 128.201 4.289357248 148.5355 7.313542801 154.0986 3.064023 
8.324383 128.385167 4.267272497 148.714 7.322805255 154.4338 3.040278 
8.39615 128.572833 4.243593308 148.905833 7.327910873 154.7896 3.025899 
8.4679 128.778833 4.231545317 149.098333 7.324994516 155.1212 3.002951 
8.539667 128.976667 4.210550589 149.298333 7.323195222 155.4856 2.985398 
8.611433 129.147167 4.181352002 149.457833 7.342102816 155.8206 2.969307 
8.6832 129.340833 4.177987813 149.643167 7.335431151 156.1902 2.941751 
8.75495 129.536 4.151784676 149.816667 7.347179613 156.5626 2.914367 
8.826717 129.723333 4.117691376 149.991667 7.33302046 156.9296 2.886376 
8.898483 129.904167 4.122609776 150.168833 7.313719229 157.311 2.860834 
210 
 
8.970233 130.088 4.090822753 150.330333 7.321511775 157.7082 2.858781 
9.042 130.281667 4.06021116 150.513333 7.332199252 158.0996 2.848129 
9.113767 130.420833 4.069248698 150.676333 7.341455678 158.5134 2.816738 
9.185533 130.606333 4.040356651 150.847167 7.346168564 158.9282 2.804209 
9.257283 130.794667 4.029809408 151.023833 7.334878961 159.357 2.782787 
9.32905 130.968 4.021365987 151.183333 7.331008353 159.789 2.807342 
9.400817 131.132667 3.990528019 151.330167 7.349979848 160.2344 2.767094 
9.472567 131.2895 3.981706707 151.518833 7.344624032 160.6892 2.808962 
9.544333 131.450167 3.956677011 151.662 7.369455258 161.1588 2.820699 
9.6161 131.6435 3.95059574 151.834667 7.348260629 161.6412 2.824452 
9.687867 131.807 3.949491157 152.008833 7.351214714 162.1294 2.834044 
9.759617 131.953833 3.933417365 152.1625 7.375963388 162.612 2.863098 
9.831383 132.114667 3.923674791 152.336167 7.378562554 163.1132 2.902996 
9.90315 132.290167 3.913644257 152.498667 7.385692836 163.6348 2.955937 
9.9749 132.433833 3.900612435 152.662 7.410479472 164.1444 3.025893 
10.04667 132.5875 3.898393451 152.819 7.409601906 164.696 3.109764 
 
7.3 Biscuit Centre temperature profiles 
Time 
140C 
centre std dev 
160C 
centre std dev 
180C 
centre std dev 
0 30.696 0.884212418 29.8273333 1.394399034 35.6172 2.815869173 
0.071767 32.9245 1.085943599 31.9753333 1.570140079 38.031 3.116773652 
0.143517 35.2281667 1.37250813 34.3981667 1.747725312 40.4306 3.517098421 
0.215283 37.5818333 1.755345256 37.011 1.958093665 42.8172 3.870181675 
0.28705 39.9181667 2.117157284 39.686 2.16998894 45.1054 4.212639351 
0.358817 42.2155 2.440270374 42.3413333 2.4111655 47.3572 4.536003274 
0.430567 44.4368333 2.757987122 45.0035 2.644112687 49.6112 4.847223814 
0.502333 46.5808333 2.992809744 47.6111667 2.927004436 51.851 5.123715888 
0.5741 48.6665 3.225408052 50.2413333 3.289564693 54.08 5.353662158 
0.64585 50.6891667 3.372595524 52.8843333 3.696124547 56.2104 5.551282401 
0.717617 52.6468333 3.493419266 55.5161667 4.130281802 58.3424 5.704183403 
0.789383 54.5478333 3.597873951 58.067 4.591361105 60.4784 5.860623627 
0.86115 56.3916667 3.678027986 60.5936667 5.019476175 62.6238 5.97227969 
0.9329 58.1888333 3.733269956 63.084 5.472311797 64.8142 6.077605384 
1.004667 59.9598333 3.786221621 65.6098333 5.997586295 66.9246 6.127823537 
1.076433 61.6761667 3.778330129 68.0615 6.595859512 69.012 6.157257263 
1.148183 63.394 3.812363624 70.5645 7.20866736 71.11 6.211567918 
1.21995 65.0926667 3.831482881 72.93 7.74308742 73.234 6.307983117 
1.291717 66.761 3.862966373 75.1666667 8.187742147 75.3192 6.357457605 
1.363483 68.4235 3.875400663 77.3083333 8.514203631 77.3598 6.362036325 
1.435233 70.0671667 3.912386761 79.2381667 8.494656024 79.2666 6.289791753 
1.507 71.6343333 3.921868925 81.1688333 8.471399446 81.1556 6.24150473 
1.578767 73.1846667 3.884314285 82.9813333 8.36153741 82.997 6.22068919 
1.650517 74.6538333 3.818522406 84.6506667 8.170962432 84.715 6.112942336 
1.722283 76.0551667 3.716448757 86.205 7.90533554 86.3224 5.999397953 
211 
 
1.79405 77.3831667 3.575745596 87.6053333 7.597536118 87.8364 5.939054075 
1.865817 78.6295 3.393667264 88.91 7.26268113 89.3314 5.867910301 
1.937567 79.8351667 3.22631427 90.079 6.953314346 90.7606 5.830303191 
2.009333 80.9853333 3.058934041 91.1828333 6.601379535 92.2298 5.796306729 
2.0811 82.089 2.882200132 92.2038333 6.287835253 93.6724 5.720291103 
2.15285 83.1848333 2.747124491 93.153 5.932894032 95.056 5.59377386 
2.224617 84.2481667 2.625045479 94.0056667 5.629698275 96.3842 5.515726987 
2.296383 85.2935 2.558637665 94.8408333 5.352929344 97.8052 5.396733753 
2.36815 86.2921667 2.495513047 95.5926667 5.054777292 99.1968 5.33447825 
2.4399 87.3223333 2.520160841 96.2933333 4.719860196 100.4194 5.186386247 
2.511667 88.333 2.600407045 97.0031667 4.315230025 101.5488 5.014635401 
2.583433 89.336 2.718535488 97.6643333 3.920034677 102.6466 4.857807715 
2.655183 90.3266667 2.832490753 98.2875 3.569674145 103.6644 4.66778275 
2.72695 91.2931667 2.931807662 98.9025 3.225901843 104.6108 4.592597925 
2.798717 92.2333333 3.021039071 99.483 2.915179446 105.4914 4.465874192 
2.870483 93.1053333 3.080256201 100.0215 2.643024763 106.3092 4.3343066 
2.942233 93.9723333 3.107950493 100.521833 2.401688108 107.08 4.237321442 
3.014 94.8303333 3.074897505 100.9965 2.172699036 107.8328 4.138822502 
3.085767 95.6566667 3.078793963 101.4705 1.949504219 108.561 4.063586039 
3.157517 96.4135 3.087800042 101.8875 1.793024568 109.2226 3.99626592 
3.229283 97.1415 3.094979144 102.320333 1.667188971 109.8918 3.91160871 
3.30105 97.8305 3.100263392 102.687 1.542842571 110.5212 3.839288567 
3.372817 98.4775 3.107158235 103.066167 1.473225226 111.1242 3.785128096 
3.444567 99.0808333 3.104132563 103.405167 1.463984073 111.6458 3.763434562 
3.516333 99.6558333 3.116056766 103.761167 1.477440004 112.1622 3.723223429 
3.5881 100.205333 3.091798808 104.055 1.525788845 112.6654 3.706191077 
3.65985 100.698167 3.065836748 104.345333 1.586026944 113.1254 3.737503953 
3.731617 101.14 3.002238432 104.602167 1.660530327 113.5456 3.74440767 
3.803383 101.539667 2.970621192 104.861333 1.756352774 113.9744 3.799313991 
3.87515 101.945 2.896588131 105.116333 1.819580794 114.38 3.850353036 
3.9469 102.300167 2.842393176 105.358667 1.885056993 114.779 3.932209366 
4.018667 102.620667 2.808215851 105.6165 1.971321156 115.1524 3.985069297 
4.090433 102.924833 2.748384865 105.8395 2.0546873 115.5162 4.048988973 
4.162183 103.205667 2.711896286 106.083333 2.124838315 115.851 4.139415297 
4.23395 103.47 2.679807232 106.343333 2.228622863 116.1586 4.20149953 
4.305717 103.714833 2.636683175 106.5995 2.324415002 116.4764 4.297845833 
4.377483 103.9315 2.567259142 106.864833 2.427002877 116.7916 4.366047274 
4.449233 104.1475 2.543455976 107.132833 2.529862164 117.0984 4.48920826 
4.521 104.326333 2.478119583 107.4085 2.648913419 117.3896 4.581076707 
4.592767 104.519833 2.440940836 107.7025 2.773295711 117.7154 4.686702124 
4.664517 104.668667 2.417973835 108.002 2.924000137 118.0396 4.786461825 
4.736283 104.829333 2.388727248 108.342667 3.083604168 118.342 4.948044664 
4.80805 104.997167 2.359681539 108.662667 3.27794342 118.688 5.100788517 
4.879817 105.112833 2.300786424 108.991333 3.496504521 119.0104 5.257210886 
4.951567 105.2435 2.31302233 109.353667 3.682012638 119.337 5.415305024 
5.023333 105.332833 2.289265159 109.717833 3.909290238 119.701 5.590439026 
212 
 
5.0951 105.439833 2.249044634 110.064333 4.173758338 120.0316 5.806073914 
5.16685 105.555 2.235011857 110.476667 4.425920454 120.4068 6.020689055 
5.238617 105.642833 2.22126013 110.863 4.686463741 120.775 6.234441956 
5.310383 105.734 2.203432958 111.2345 4.986730021 121.138 6.460704567 
5.38215 105.806 2.1862858 111.636667 5.282545434 121.5036 6.659760754 
5.4539 105.877333 2.160362809 112.0255 5.55674159 121.8848 6.888832753 
5.525667 105.972 2.160349972 112.434333 5.864780837 122.277 7.120464346 
5.597433 106.036167 2.152022715 112.822333 6.151443169 122.6884 7.363846128 
5.669183 106.1095 2.147119722 113.250333 6.451769266 123.0884 7.617836786 
5.74095 106.175333 2.140352463 113.643 6.733441646 123.4764 7.840676648 
5.812717 106.2265 2.123479856 114.052 7.03893509 123.9026 8.079421471 
5.884483 106.283 2.121860599 114.448833 7.333861859 124.3152 8.319980331 
5.956233 106.352667 2.128935477 114.8765 7.628468883 124.763 8.547169912 
6.028 106.3815 2.115102243 115.290333 7.911144207 125.2124 8.787829499 
6.099767 106.440833 2.12066088 115.682667 8.191369084 125.6902 9.005280073 
6.171517 106.4875 2.114854298 116.116167 8.47401502 126.127 9.246883042 
6.243283 106.5375 2.104355079 116.533833 8.748136222 126.6 9.475317646 
6.31505 106.5895 2.112570638 116.950667 8.9982484 127.0908 9.697699299 
6.386817 106.6475 2.099518302 117.358667 9.272444827 127.612 9.938649908 
6.458567 106.6885 2.114714331 117.777 9.517659922 128.078 10.17954928 
6.530333 106.742333 2.115901478 118.191167 9.772045342 128.597 10.3968249 
6.6021 106.804167 2.110955558 118.6175 10.04015334 129.1352 10.6329228 
6.673867 106.851 2.116134117 119.031333 10.25342781 129.6996 10.85397028 
6.745617 106.885 2.11392488 119.423 10.49735323 130.249 11.10925108 
6.817383 106.935667 2.119007472 119.858833 10.71667567 130.7856 11.34048098 
6.88915 106.981167 2.135348348 120.2535 10.94191018 131.3674 11.58462232 
6.9609 107.027833 2.12964292 120.676333 11.16560246 131.9692 11.81674129 
7.032667 107.066833 2.139093959 121.0905 11.38309678 132.5498 12.04591506 
7.104433 107.123833 2.141957742 121.493667 11.58045449 133.1512 12.27085324 
7.1762 107.175 2.172816329 121.929833 11.7603993 133.7536 12.48559195 
7.24795 107.217667 2.176464626 122.341167 11.95269195 134.3626 12.70866261 
7.319717 107.277667 2.181882826 122.747833 12.14440114 135.005 12.94383643 
7.391483 107.3075 2.172727295 123.152167 12.34511102 135.6556 13.17977791 
7.463233 107.398333 2.198211152 123.5975 12.51595591 136.2968 13.39507233 
7.535 107.435833 2.190361926 123.985333 12.69966994 136.9406 13.64184831 
7.606767 107.499 2.21028695 124.428667 12.87706356 137.5874 13.86361592 
7.678533 107.555 2.215002032 124.821333 13.02952709 138.2182 14.06742173 
7.750283 107.588 2.236071824 125.272667 13.19992554 138.8458 14.30351075 
7.82205 107.642333 2.251060965 125.672333 13.34038041 139.4778 14.48137396 
7.893817 107.7235 2.244560246 126.079833 13.49372141 140.1142 14.68064507 
7.965567 107.786667 2.256831023 126.506667 13.66793879 140.7726 14.85534245 
8.037333 107.836667 2.266597156 126.912167 13.80871514 141.3876 15.0351027 
8.1091 107.901667 2.296004588 127.331167 13.94372802 142.0166 15.19963867 
8.180867 107.969833 2.309638363 127.752167 14.08675975 142.6372 15.36906839 
8.252617 108.039167 2.322819357 128.172167 14.20591935 143.3036 15.54057043 
8.324383 108.103167 2.356141542 128.603667 14.34400932 143.9342 15.70829099 
213 
 
8.39615 108.182833 2.392507757 129.031833 14.4508302 144.5666 15.86752056 
8.4679 108.259167 2.412527423 129.464667 14.56883379 145.2034 16.02471929 
8.539667 108.345 2.417422181 129.887833 14.698099 145.8648 16.16096775 
8.611433 108.405 2.444295727 130.295667 14.83503047 146.5218 16.3043961 
8.6832 108.500833 2.467318011 130.725333 14.92768363 147.182 16.47266926 
8.75495 108.587167 2.493402608 131.173 15.03643588 147.8506 16.62201696 
8.826717 108.673667 2.536253983 131.5955 15.14823288 148.5144 16.7557684 
8.898483 108.738667 2.568159315 132.021167 15.24399753 149.1704 16.90069486 
8.970233 108.845 2.589270554 132.4555 15.33978138 149.859 17.03091947 
9.042 108.956667 2.623618087 132.871667 15.41728655 150.525 17.22981969 
9.113767 109.028333 2.627944723 133.302167 15.49628778 151.1946 17.39712027 
9.185533 109.146667 2.677711535 133.728333 15.58034384 151.874 17.51435772 
9.257283 109.240667 2.710899162 134.157167 15.64437675 152.5532 17.70104101 
9.32905 109.358167 2.745357348 134.581333 15.73318178 153.2398 17.86241156 
9.400817 109.4465 2.768881706 135.0005 15.80901831 153.9306 18.01600284 
9.472567 109.557 2.818230438 135.443333 15.86546194 154.6344 18.18600578 
9.544333 109.6515 2.854824951 135.851833 15.94304368 155.2968 18.37049986 
9.6161 109.791333 2.892119615 136.274333 15.9961549 155.9984 18.53819954 
9.687867 109.889 2.943622666 136.715 16.04569138 156.7136 18.72370724 
9.759617 110.003333 2.985030095 137.131333 16.10042043 157.433 18.9036638 
9.831383 110.1055 3.023205898 137.556833 16.1538976 158.1546 19.09670102 
9.90315 110.25 3.075952275 137.98 16.19575862 158.8742 19.27888973 
9.9749 110.386667 3.112445834 138.408 16.242969 159.6184 19.43615448 
10.04667 110.481333 3.153320197 138.8015 16.30597478 160.3404 19.67604322 
 
7.4 Biscuit Top temperature profiles 
Time 140C top std dev 
160C 
top std dev 180C top std dev 
0 33.5488 1.711148084 33.5212 1.528300549 39.6736 3.02905964 
0.071767 36.1182 1.844541506 36.4393 1.981082499 42.5338 3.154971268 
0.143517 38.8672 2.023403511 39.5932 2.467118191 45.475 3.347971102 
0.215283 41.7825 2.271487156 42.8862 2.864806689 48.4516 3.449253441 
0.28705 44.698 2.495309921 46.1072 3.228925668 51.3676 3.576085402 
0.358817 47.5422 2.642040909 49.1793 3.556236531 54.1726 3.881252156 
0.430567 50.2817 2.74838401 52.1197 3.850812313 56.908 4.140860116 
0.502333 52.911 2.738577514 54.9197 4.123248315 59.5644 4.263606842 
0.5741 55.3888 2.732294378 57.642 4.373894923 62.098 4.254766915 
0.64585 57.716 2.659033358 60.3333 4.602755551 64.5898 4.295098276 
0.717617 59.9348 2.600465836 62.9562 4.841215856 66.9988 4.376922401 
0.789383 62.0115 2.575530916 65.5273 5.104308442 69.3084 4.431335893 
0.86115 64.0133 2.564329438 68.0258 5.38047334 71.5196 4.493644657 
0.9329 65.9295 2.567330501 70.4842 5.666462791 73.7448 4.587764401 
1.004667 67.7798 2.593759235 72.8597 5.931041314 75.831 4.606022633 
1.076433 69.5783 2.652032705 75.1663 6.187284628 77.8994 4.667386239 
1.148183 71.3517 2.6967096 77.3773 6.369568389 79.974 4.796900718 
214 
 
1.21995 73.0252 2.731773228 79.4113 6.411808252 82.0568 4.919364156 
1.291717 74.6722 2.709747547 81.3228 6.36032337 84.084 4.997339392 
1.363483 76.3053 2.72170356 83.1303 6.215436322 86.0096 5.061502968 
1.435233 77.9593 2.781032518 84.8638 5.916533256 87.8838 5.138051158 
1.507 79.4983 2.855883588 86.4347 5.666473883 89.535 5.158466633 
1.578767 80.9728 2.888676058 87.8722 5.451114727 91.1646 5.128589796 
1.650517 82.36 2.894610786 89.224 5.243606164 92.6848 5.107085441 
1.722283 83.6598 2.872243682 90.505 5.024848535 94.2474 5.107259373 
1.79405 84.8985 2.812454142 91.6733 4.821573796 95.6318 5.077301025 
1.865817 86.0398 2.72528475 92.7537 4.647185198 96.8566 5.028072772 
1.937567 87.1283 2.651704031 93.7135 4.458103307 97.9734 4.974453015 
2.009333 88.1507 2.568597724 94.6517 4.309169324 99.0112 4.931732424 
2.0811 89.1325 2.489691848 95.5365 4.156966767 100.009 4.9282797 
2.15285 90.118 2.476271794 96.4357 3.944178275 100.903 4.846113783 
2.224617 90.979 2.395681531 97.2668 3.813201931 101.724 4.836153999 
2.296383 91.7805 2.328714216 98.0482 3.695967068 102.537 4.786387082 
2.36815 92.583 2.329570175 98.7537 3.614401177 103.249 4.767472779 
2.4399 93.4197 2.312348128 99.4142 3.494019314 103.918 4.731394171 
2.511667 94.1472 2.325280836 100.057 3.397205302 104.617 4.669595197 
2.583433 94.8158 2.317793901 100.722 3.318599464 105.283 4.747205252 
2.655183 95.4668 2.27438558 101.326 3.285545718 105.938 4.709107007 
2.72695 96.0945 2.253862085 101.898 3.242173695 106.566 4.730145061 
2.798717 96.6832 2.206189966 102.403 3.257684126 107.141 4.783782531 
2.870483 97.2448 2.143456407 102.919 3.264481337 107.707 4.770714391 
2.942233 97.7988 2.104884835 103.383 3.279069116 108.252 4.808739055 
3.014 98.3128 2.06403599 103.827 3.285957679 108.821 4.804839144 
3.085767 98.8155 2.053244822 104.274 3.288408551 109.367 4.844586597 
3.157517 99.2927 2.031550114 104.689 3.314750408 109.899 4.879210233 
3.229283 99.7332 2.01933508 105.112 3.322829678 110.468 4.886995498 
3.30105 100.121 2.021462119 105.478 3.319029482 110.985 4.913974186 
3.372817 100.51 2.014268643 105.845 3.334958051 111.536 4.900647845 
3.444567 100.868 2.004957822 106.19 3.363813456 112.073 4.920709827 
3.516333 101.166 2.009642298 106.514 3.385736966 112.633 4.918805597 
3.5881 101.485 1.986952306 106.807 3.428752815 113.237 4.926694663 
3.65985 101.773 1.981306101 107.096 3.461184465 113.827 4.932148589 
3.731617 102.037 1.973661268 107.357 3.522434196 114.44 4.971961032 
3.803383 102.293 1.987033912 107.621 3.567004271 115.072 5.008389841 
3.87515 102.541 2.007044934 107.898 3.661399482 115.738 5.076826597 
3.9469 102.755 2.015799932 108.153 3.726935023 116.427 5.17844578 
4.018667 102.967 2.026992789 108.418 3.830795514 117.128 5.293612028 
4.090433 103.153 2.021180785 108.679 3.927399517 117.879 5.441357441 
4.162183 103.339 2.031382953 108.936 4.046870725 118.616 5.628030606 
4.23395 103.51 2.047414117 109.203 4.17257951 119.376 5.837391095 
4.305717 103.667 2.069445884 109.476 4.290176344 120.144 6.063534918 
4.377483 103.826 2.089477893 109.754 4.473530641 120.928 6.268296004 
4.449233 104.011 2.131095 110.028 4.619246017 121.723 6.572498292 
215 
 
4.521 104.15 2.142567657 110.331 4.794928738 122.497 6.835536665 
4.592767 104.312 2.190970265 110.611 4.956084479 123.323 7.095345608 
4.664517 104.456 2.228267556 110.93 5.15993208 124.132 7.341712831 
4.736283 104.587 2.269985962 111.283 5.376104752 124.935 7.667421092 
4.80805 104.732 2.342004732 111.594 5.563855369 125.769 7.96142881 
4.879817 104.849 2.369156868 111.925 5.779393221 126.554 8.272718942 
4.951567 105.01 2.463894674 112.277 5.961266308 127.366 8.568252196 
5.023333 105.128 2.537618858 112.636 6.182149618 128.176 8.853609913 
5.0951 105.251 2.566751988 112.988 6.419836841 128.963 9.140039469 
5.16685 105.397 2.632160361 113.381 6.62697353 129.749 9.464346507 
5.238617 105.514 2.711445494 113.792 6.836340261 130.539 9.765692868 
5.310383 105.655 2.796875787 114.166 7.058765038 131.322 10.03756301 
5.38215 105.785 2.88657343 114.564 7.281858602 132.107 10.33382174 
5.4539 105.902 2.988729546 114.963 7.492513982 132.883 10.60503167 
5.525667 106.062 3.072091969 115.376 7.721871535 133.654 10.88686854 
5.597433 106.186 3.182404123 115.809 7.932417002 134.41 11.16402625 
5.669183 106.333 3.281709844 116.224 8.137546496 135.159 11.43477246 
5.74095 106.484 3.382511458 116.674 8.323410094 135.895 11.66620647 
5.812717 106.616 3.48790461 117.1 8.522735392 136.635 11.91370783 
5.884483 106.755 3.613588447 117.571 8.712056185 137.334 12.15453477 
5.956233 106.919 3.739908662 118.045 8.872083493 138.073 12.36681346 
6.028 107.061 3.852062482 118.508 9.055482796 138.796 12.599706 
6.099767 107.226 3.972046798 118.971 9.228943399 139.508 12.79910081 
6.171517 107.376 4.100111433 119.441 9.39427515 140.203 12.98145205 
6.243283 107.538 4.222607378 119.912 9.538971987 140.914 13.17395089 
6.31505 107.727 4.353153972 120.386 9.677252999 141.611 13.40646677 
6.386817 107.895 4.491664621 120.844 9.843679707 142.32 13.5635158 
6.458567 108.079 4.646680166 121.319 9.951799866 142.997 13.72497673 
6.530333 108.249 4.757813591 121.783 10.09159491 143.696 13.90855712 
6.6021 108.426 4.885825406 122.262 10.20759372 144.412 14.07661139 
6.673867 108.618 5.008806195 122.748 10.3126804 145.107 14.23999783 
6.745617 108.798 5.138515077 123.227 10.42647668 145.803 14.40560748 
6.817383 109.008 5.299009908 123.735 10.51803661 146.479 14.56303846 
6.88915 109.194 5.429609541 124.199 10.62162118 147.184 14.73380693 
6.9609 109.39 5.560219771 124.707 10.70358016 147.929 14.84716669 
7.032667 109.611 5.69290567 125.173 10.76934673 148.607 14.99101286 
7.104433 109.828 5.834913424 125.653 10.85464919 149.295 15.14315525 
7.1762 110.029 5.949011529 126.129 10.91131491 149.975 15.28625318 
7.24795 110.231 6.066814675 126.625 10.97017289 150.667 15.433852 
7.319717 110.46 6.203670881 127.111 11.03653568 151.358 15.60178899 
7.391483 110.672 6.304518697 127.572 11.08691406 152.05 15.74446248 
7.463233 110.91 6.431054794 128.066 11.12449824 152.738 15.88479574 
7.535 111.12 6.540934655 128.543 11.1729296 153.405 15.98597056 
7.606767 111.382 6.652871002 129.024 11.20664347 154.08 16.08826148 
7.678533 111.61 6.765232561 129.501 11.23816919 154.728 16.16534857 
7.750283 111.844 6.861086756 129.98 11.27505447 155.369 16.23651679 
216 
 
7.82205 112.075 6.954210017 130.474 11.30810639 155.991 16.2747814 
7.893817 112.324 7.066516077 130.935 11.31493683 156.629 16.33158752 
7.965567 112.574 7.148642624 131.429 11.36290254 157.275 16.35143286 
8.037333 112.8 7.263437469 131.892 11.37568647 157.859 16.34802421 
8.1091 113.067 7.356622232 132.376 11.38805335 158.475 16.3756945 
8.180867 113.31 7.436441299 132.852 11.39192982 159.07 16.36247912 
8.252617 113.59 7.504215082 133.318 11.39790428 159.666 16.37402489 
8.324383 113.837 7.607698016 133.788 11.40346129 160.276 16.34843706 
8.39615 114.091 7.687335429 134.252 11.41809655 160.851 16.31564249 
8.4679 114.361 7.760858752 134.724 11.4051557 161.431 16.29710968 
8.539667 114.633 7.840654258 135.197 11.40288968 162.008 16.27083126 
8.611433 114.885 7.918187318 135.643 11.42012607 162.6 16.22194536 
8.6832 115.156 7.98121493 136.106 11.40865326 163.19 16.21462544 
8.75495 115.442 8.04151843 136.576 11.40532563 163.743 16.17201263 
8.826717 115.696 8.132011084 137.023 11.40901634 164.324 16.11629769 
8.898483 115.959 8.193779193 137.494 11.39542399 164.883 16.08167562 
8.970233 116.248 8.256863313 137.932 11.3752303 165.467 16.0401106 
9.042 116.52 8.301466218 138.382 11.36995191 166.017 16.02732964 
9.113767 116.769 8.350551088 138.837 11.35150081 166.56 15.98807414 
9.185533 117.067 8.415666852 139.291 11.34467065 167.134 15.93827106 
9.257283 117.346 8.456077406 139.732 11.32651412 167.702 15.94695011 
9.32905 117.617 8.510256706 140.173 11.32513913 168.259 15.91167443 
9.400817 117.894 8.548433907 140.605 11.33309869 168.84 15.87245631 
9.472567 118.165 8.590272793 141.053 11.30349384 169.415 15.85742691 
9.544333 118.446 8.625547907 141.472 11.29426482 169.946 15.83671346 
9.6161 118.733 8.676701209 141.908 11.28066141 170.513 15.85247629 
9.687867 119.006 8.719260144 142.348 11.2699593 171.089 15.83873156 
9.759617 119.288 8.748002623 142.765 11.26246692 171.669 15.85630185 
9.831383 119.559 8.797029044 143.197 11.24569264 172.235 15.87397838 
9.90315 119.838 8.827981687 143.612 11.227462 172.799 15.89300008 
9.9749 120.119 8.858563811 144.031 11.21827967 173.401 15.92338745 





















 drying %moisture Average STDEV 
0 19 2.13 21.13 20.699 20.234742 
20.33289 0.221743 0 19.225 2.011 21.236 20.822 20.586773 
0 19.02 2.032 21.052 20.642 20.177165 
2 18.872 2.07 20.942 20.587 17.149758 
17.57301 0.368677 2 18.791 2.04 20.831 20.469 17.745098 
2 18.818 2.059 20.877 20.51 17.824186 
4 18.836 2.086 20.922 20.612 14.860978 
15.43201 0.65775 4 19.134 2.061 21.195 20.88 15.283843 
4 19.22 2.037 21.257 20.928 16.151203 
6 19.383 2.069 21.452 21.16 14.113098 
13.36751 1.443477 6 19.094 2.051 21.145 20.852 14.285714 
6 19.141 2.025 21.166 20.929 11.703704 
8 18.893 2.068 20.961 20.741 10.638298 
10.19106 0.844461 8 18.837 2.018 20.855 20.669 9.2170466 
8 18.754 2.006 20.76 20.545 10.717846 
10 18.913 2.077 20.99 20.798 9.2441021 
9.22693 0.399488 10 19.085 2.007 21.092 20.915 8.819133 










Weight after  
drying %moisture Average STDEV 
0 18.681 2.092 20.773 20.345 20.458891 
20.43607 0.078355 0 18.898 2.078 20.976 20.55 20.500481 
0 19.003 2.064 21.067 20.647 20.348837 
2 19.034 2.092 21.126 20.745 18.212237 
19.02477 0.745107 2 18.747 2.099 20.846 20.433 19.676036 
2 18.907 2.064 20.971 20.575 19.186047 
4 19.398 2.068 21.466 21.173 14.168279 
13.09798 1.619015 4 19.281 2.023 21.304 21.023 13.890262 
4 18.924 2.056 20.98 20.749 11.235409 
6 18.771 2.074 20.845 20.64 9.8842816 
11.2842 1.264267 6 19.257 2.03 21.287 21.051 11.625616 
6 18.802 2.066 20.868 20.613 12.342691 
8 18.804 2.056 20.86 20.672 9.1439689 
8.345849 0.788007 8 19.206 2.054 21.26 21.089 8.3252191 
8 18.397 2.048 20.445 20.29 7.5683594 
10 19.259 2.013 21.272 21.073 9.8857427 
7.349418 2.222127 10 18.982 2.088 21.07 20.936 6.4176245 












Weight after  
drying %moisture Average STDEV 
0 18.999 2.037 21.036 20.623 20.274914 
19.87853 0.611701 0 19.224 2.036 21.26 20.849 20.18664 
0 19.019 2.034 21.053 20.663 19.174041 
2 18.87 2.008 20.878 20.557 15.986056 
16.97272 1.043938 2 18.788 2.037 20.825 20.457 18.065783 
2 18.814 2.087 20.901 20.549 16.866315 
4 18.833 2.034 20.867 20.663 10.029499 
11.40067 1.21003 4 19.131 2.07 21.201 20.946 12.318841 
4 19.217 2.05 21.267 21.024 11.853659 
6 19.379 2.037 21.416 21.278 6.7746686 
6.581902 0.448729 6 19.0949 2.058 21.1529 21.028 6.068999 
6 19.1418 2.011 21.1528 21.014 6.9020388 
8 18.893 2.016 20.909 20.79 5.9027778 
5.576877 0.623733 8 18.837 2.01 20.847 20.727 5.9701493 
8 18.753 2.038 20.791 20.692 4.8577036 
10 18.913 2.043 20.956 20.895 2.9858052 
3.123149 0.134958 10 19.085 2.058 21.143 21.076 3.2555879 

















9. Catechin profiles for modeling their stability 
9.1. 1400C 
EGCG 
time % retention 
mean mg/kg dough 
1 2 3 
0 88.09059 78.77439 85.06029 83.97509 78.57669424 
2 22.45578 22.36756 24.31297 23.04544 21.56394474 
4 29.97201 27.52942 35.67448 31.05864 29.06201171 
6 24.94 25.54177 30.56977 27.01718 25.28036403 
8 21.99406 25.0903 24.6122 23.89886 22.36250066 
10 20.91729 20.80601 22.75706 21.49346 20.11173467 
 
ECG 
time % retention 
mean mg/kg dough 
1 2 3 
0 106.2536796 103.6863 103.7146 104.5515 27.84266 
 
2 95.3363131 100.6411 97.89312 97.95684 26.08645 
4 73.32176778 79.40258 81.05582 77.92672 20.75232 
6 62.01007862 70.46614 70.53973 67.67198 18.02143 
8 54.5434195 63.98377 55.95226 58.15982 15.48828 
10 51.56614981 52.64963 52.04142 52.08573 13.87072 
 
CG 
time % retention 
mean mg/kg dough 
1 2 3 
0 66.17732 75.01616 74.09989 71.76446 4.404744 
2 84.96977 98.60339 95.65047 93.07454 5.712711 
4 198.5805 167.0502 188.1 184.5769 11.32892 
6 219.7294 220.6108 219.6111 219.9838 13.50212 
8 230.5415 232.6349 226.443 229.8731 14.10911 
10 218.986 219.9992 205.5253 214.8368 13.18621 
 
GCG 
time % retention 
mean mg/kg dough 
1 2 3 
0 64.95429861 71.06354327 72.27732884 69.43172 11.73117013 
2 34.22145487 36.79776731 37.61885906 36.21269 6.118489493 
4 116.3722704 88.32332359 112.8369297 105.8442 17.88341057 
6 117.6294719 101.7547834 124.9842011 114.7895 19.39480851 
8 125.1032234 120.5530776 129.0548549 124.9037 21.10370732 









time % retention 
mean mg/kg dough 
1 2 3 
0 90.59191 81.71372 74.36407 82.22323 76.93745 
2 23.56478 12.76024 15.914 17.41301 16.2936 
4 31.84075 25.0228 29.25388 28.70581 26.86044 
6 29.32624 22.84287 24.65272 25.60728 23.9611 
8 25.51247 18.85724 21.8002 22.05664 20.63871 
10 26.12499 17.84247 15.93394 19.96713 18.68353 
ECG 
time % retention 
mean mg/kg dough 
1 2 3 
0 113.6715 106.1641 95.11011 104.9819 27.95726 
2 99.39038 91.30004 87.80002 92.83015 24.72119 
4 75.51885 70.55413 72.4919 72.85496 19.40168 
6 55.31588 54.71969 54.84574 54.96044 14.63627 
8 45.29556 42.7707 44.9347 44.33365 11.8063 
10 43.20539 32.68845 40.512 38.80195 10.33318 
CG 
time % retention 
mean mg/kg dough 
1 2 3 
0 88.75521 66.00296 65.87454 73.54424 4.513983 
2 124.6957 112.8511 92.96504 110.1706 6.762031 
4 199.9998 200.0768 183.9273 194.668 11.94829 
6 204.4851 194.2489 210.644 203.126 12.46743 
8 203.1702 207.231 203.615 204.6721 12.56232 
10 186.2481 186.7391 182.2956 185.0943 11.36068 
GCG 
time % retention 
mean mg/kg dough 
1 2 3 
0 80.20119 51.90141 68.57311 66.89191 11.30204 
2 44.36295 16.50076 24.79235 28.55202 4.824144 
4 101.8104 102.0972 112.6089 105.5055 17.82619 
6 126.7403 113.7799 134.2017 124.9073 21.10431 
8 113.2464 109.1621 127.402 116.6035 19.7013 










time % retention 
mean mg/kg dough 
1 2 3 
0 80.33389 94.95001 106.7415 94.00848 87.9650778 
2 20.90131 22.9819 33.78073 25.88798 24.2237543 
4 27.02443 33.10936 35.21323 31.78234 29.73918932 
6 23.25633 27.13709 26.83347 25.7423 24.08743577 
8 15.87401 27.85966 20.42019 21.38462 20.00989503 
10 14.26683 23.84771 14.32312 17.47922 16.35555718 
ECG 
time % retention 
mean mg/kg dough 
1 2 3 
0 103.2531 114.4062 118.3444 112.0012 29.82660329 
2 87.08041 93.85274 99.36608 93.43308 24.88178903 
4 57.12618 65.14241 64.70078 62.32312 16.59702128 
6 47.86279 45.96752 48.78453 47.53828 12.65972958 
8 30.27622 36.18301 38.0017 34.82031 9.272857728 
10 25.78169 27.5429 25.00637 26.11032 6.953334952 
CG 
time % retention 
mean mg/kg dough 
1 2 3 
0 73.16144 86.21678 87.73708 82.37177 5.055797924 
2 125.4676 114.2025 111.2187 116.9629 7.178926615 
4 215.8448 226.6367 221.4232 221.3015 13.5830012 
6 215.898 211.2902 222.7015 216.6299 13.29626684 
8 145.9617 170.9641 178.8835 165.2698 10.14389559 
10 129.0682 138.586 128.1772 131.9438 8.098420185 
GCG 
time % retention 
mean mg/kg dough 
1 2 3 
0 68.42859 83.12607 88.54514 80.03327 13.5224046 
2 36.24097 38.60344 40.82982 38.55808 6.514764748 
4 127.8099 158.1382 145.3799 143.776 24.29235837 
6 122.2876 133.9063 142.677 132.957 22.46438307 
8 73.8362 93.02454 101.7122 89.52431 15.12600948 









10. pH profiles 
140C 
Time 1 2 3 Mean Std. dev. 
0 8.37 8.05 8.39 8.27 0.190788 
2 9.05 9.27 9.13 9.15 0.111355 
4 9.13 9.01 9.34 9.16 0.167033 
6 9.01 9.24 9.08 9.11 0.117898 
8 8.79 9.03 9.15 8.99 0.183303 
10 8.71 8.6 8.82 8.71 0.11 
160C 
Time 1 2 3 Mean Std. dev. 
0 8.37 8.18 8.26 8.27 0.095394 
2 9 9.23 9.31 9.18 0.160935 
4 9.12 9.1 8.69 8.97 0.242693 
6 8.88 8.88 9.3 9.02 0.242487 
8 8.89 9.04 8.77 8.9 0.135277 
10 8.65 8.51 8.46 8.54 0.098489 
180C 
Time 1 2 3 Mean Std. dev. 
0 8.27 8.37 7.81 8.15 0.298664 
2 9.18 9.02 9.43 9.21 0.20664 
4 8.89 9.1 9.19 9.06 0.153948 
6 8.42 8.83 8.79 8.68 0.226053 
8 7.71 7.73 8.2 7.88 0.277308 














11. Oxidation results 
11.1 Peroxide Value at 500C 
day 0 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 5.410822 5.940594 6.746032 6.032482 0.672331 
0.2 6.759443 7.984032 8.016032 7.586502 0.716433 
0.4 6.374502 7.38 7.014028 6.922843 0.508913 
0.6 5.976096 5.968064 6.952191 6.298784 0.565882 
day 3 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 17.58893 17.8 17.52988 17.6396 0.14201 
0.2 12.37525 11.55378 12 11.97634 0.411243 
0.4 11.97605 12.97405 12.15139 12.36716 0.532842 
0.6 11.97605 9.98004 8 9.985363 1.988029 
day 6 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 22 21.91235 19.92032 21.27756 1.176219 
0.2 9.960159 12 11.95219 11.30412 1.164147 
0.4 9.98004 9.960159 11.95219 10.6308 1.144404 
0.6 11.95219 9.98004 9.98004 10.63742 1.138622 
day 10 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 47.90419 51.79282869 51.89620758 50.53107596 2.275536 
0.2 19.96008 22 21.95608782 21.30538922 1.165279 
0.4 15.93625 15.93625498 19.92031873 17.26427623 2.3002 













11.2 Peroxide Value at 600C 
day 0 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 6.972112 5.988024 6.2 6.386712 0.517932 
0.2 6.560636 7.784431 8.016032 7.4537 0.782037 
0.4 5.4 6.163022 7 6.187674 0.800285 
0.6 6 6.95825 7.984032 6.980761 0.992207 
day 3 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 34.26295 33.13492 39 35.46596 3.112107 
0.2 21.2 30.27888 26 25.82629 4.541934 
0.4 26 22.46521 25.5489 24.67137 1.923859 
0.6 16 14 14.98 14.99333 1.000067 
day 6 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 49.70179 43.8247 43.8247 45.78373 3.393138 
0.2 35.85657 33.86454 37.92415 35.88176 2.029922 
0.4 37.92415 33.86454 38 36.59623 2.366016 
0.6 37.92415 25.9481 27.88845 30.5869 6.427882 
day 10 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 111.7764 114 113.7724551 113.1829674 1.223384 
0.2 95.80838 86 93.81237525 91.87358616 5.183654 
0.4 81.76476 83.66533865 91.81636727 85.74882108 5.339887 













11.3 p-Anisidine Value at 500C 
day 0 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 6.139423077 9.414370079 8.547619048 8.033804068 1.696857048 
0.2 8.575609756 7.115 7.86407767 7.851562475 0.730385301 
0.4 7.563106796 7.857142857 7.610837438 7.677029031 0.157798278 
0.6 6.705882353 9.058823529 6.411764706 7.392156863 1.450847901 
day 3 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 8.701923077 9.965686275 8.774509804 9.147373052 0.70960877 
0.2 9.46 9.816831683 9.705882353 9.660904679 0.182618334 
0.4 9.274509804 9.85 10.11650485 9.747004886 0.430342784 
0.6 10.99009901 8.965686275 8.200980392 9.385588559 1.441191907 
day 6 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 8.400990099 10.56862745 10.46535 9.811654695 1.222762 
0.2 11.13235294 9.18627451 5.019231 8.44595274 3.123079 
0.4 10.80693069 7.676470588 5.667348 8.050249749 2.590099 
0.6 8.360576923 6.797029703 7.988166 7.715257436 0.816719 
day 10 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 10.7381 11.12136 10.12376 10.66107 0.503239 
0.2 7.060185 9.043269 9.51 8.537818 1.300772 
0.4 9.044118 7.399802 7.869048 8.104322 1.105618 















11.4 p-Anisidine Value at 600C 
day 0 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 10.58173077 10.1230315 7.867647059 9.524136441 1.452779771 
0.2 7.98019802 9.669902913 7.975 8.541700311 0.977055571 
0.4 8.897058824 10.31496063 7.362204724 8.858074726 1.476763921 
0.6 8.35923 9.524509804 7.509803922 8.464514575 1.011470998 
day 3 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 9.126213592 11.87 9.621359223 10.20585761 1.462299467 
0.2 9.341584158 10.07281553 10.17156863 9.86198944 0.45338095 
0.4 9.254716981 9.607843137 10.33823529 9.733598471 0.55259731 
0.6 11.58173077 9.544117647 6.892156863 9.339335093 2.351484165 
day 6 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 6.603960396 10.16176471 10.14851 8.971413318 2.050285 
0.2 9.93627451 5.960038986 8.067961 7.988091554 1.989321 
0.4 9.271428571 7.067961165 6.985646 7.77501189 1.296588 
0.6 8.406862745 7.472222222 7.131068 7.670050976 0.660504 
day 10 
GTE conc. (%) 1 2 3 avg. std. dev. 
0 10.16176 9.723301 10.33495 10.07334 0.315267 
0.2 6.836634 10.66667 12.125 9.8761 2.731383 
0.4 9.710784 8.92233 11.42079 10.01797 1.277243 
0.6 11 7.55 7.339806 8.629935 2.055225 
  
